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ENGINEERING  CALCULATIONS

5-1 INTRODUCTION

This section provides guidelines for performing various engineering calculations associated with the
design of stormwater management facilities such as extended-detention and retention basins and
multi-stage outlet structures. The prerequisite information for using these calculations is the
determination of the hydrologic characteristics of the contributing watershed in the form of the peak
discharge (in cfs), or a runoff hydrograph, depending on the hydrologic and hydraulic routing
methods used.  (Refer to Section 4-4 in Chapter 4 for hydrologic methods.)

5-2 GENERAL INFORMATION: DETENTION, EXTENDED-DETENTION AND
RETENTION BASIN DESIGN CALCULATIONS

Based on Virginia’s Stormwater Management Regulations, a stormwater management basin may
be designed to control water quantity (for flood control and channel erosion control) and to enhance
(or treat) water quality.  The type of  basin selected (extended-detention, retention, infiltration, etc.)
and the relationship between its design components (design inflow, storage volume and outflow) will
dictate the size of the basin  and serve as the basis for its hydraulic design.  Some design component
parameters such as design storm return frequency, allowable discharge rates, etc., may be specified
by the local regulatory authority, based upon the specific needs of certain watersheds or stream
channels within that locality.  Occasionally, as in stream channel erosion control, it may be up to the
engineer to document and analyze the specific needs of the downstream channel and establish the
design parameters.  

The design inflow is either the peak flow or the runoff hydrograph from the developed watershed.
This inflow becomes the input data for the basin sizing calculations, often called routings.  Various
routing methods are available. Note that the format of the hydrologic input data will usually be
dictated by whatever routing method is chosen.  (The methods discussed in this handbook require
the use of a peak discharge or an actual runoff  hydrograph.) Generally,  larger and more complex
projects will require a detailed analysis, which includes a runoff hydrograph.  Preliminary studies
and small projects may be designed using simpler, shortcut techniques that only require a peak
discharge.  For all projects, the designer must document the hydrologic conditions to support the
inflow portion of the hydraulic relationship.

Achieving adequate storage volume within a basin can usually be accomplished by manipulation
of the site grades and strategic placement of the permanent features such as buildings and parking
lots.  Sometimes, the location of a stormwater facility will be dictated by the site topography and
available outfall location.  (Refer to Chapter 3 for basin planning considerations and design
criteria.)  Storage volume calculations will be discussed in detail later in this chapter.
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Chapter 4 discusses the impact of development on the hydrologic cycle and
the difficulty in re-establishing the pre-developed runoff characteristics.
Although it is popular to set a stormwater basin’s allowable release rate to
the watershed’s pre-developed rate, this technique rarely duplicates existing
conditions, particularly as it relates to storm frequencies and duration.

5-3 ALLOWABLE RELEASE RATES

The allowable release rates for a stormwater facility are dependent on the proposed function(s) of
that facility, such as flood control, channel erosion control, or water quality enhancement.  For
example, a basin used for water quality enhancement is designed to detain the water quality volume
and slowly release it over a specified amount of time. This water quality volume is the first flush
of runoff, which is considered to contain the largest concentration of pollutants (Schueler 1987).
(Refer to Section 5-6 for water quality volume calculations.) In contrast, a basin used for flood or
channel erosion control is designed to detain and release runoff from a given storm event at a
predetermined maximum release rate.  This release rate may vary from one watershed to another
based on predeveloped conditions. 

Localities, through stormwater management and erosion control ordinances, have traditionally set
the allowable release rates for given frequency storm events to equal the watershed’s pre-developed
rates.  This technique has become a convenient and consistent mechanism to establish the design
parameters for a stormwater management facility, particularly as it relates to flood control or stream
channel erosion control.

In Virginia, the allowable release rate for controlling stream channel erosion or flooding may be
established by ordinance using the state’s minimum criteria, or by analyzing specific downstream
topographic, geographic or geologic conditions to select alternate criteria. The engineer should be
aware of what the local requirements are before designing.

The design examples and calculations in this handbook use the state minimum requirements for
illustrative purposes. Example 1, which considers a single homogeneous watershed, is summarized
here to show the allowable release rates calculated for the basin.  These release rates, as required by
the state stormwater regulations, are the pre-developed runoff rates for the 2- and 10-year design
storms.  Table 5-1 provides a summary of the hydrologic analysis for Example 1.  (The complete
solution to Example 1 is provided in Chapter 6.)
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TABLE  5 - 1
Hydrologic Summary, Example 1,  SCS Methods

TR-55 GRAPHICAL PEAK DISCHARGE

CONDITION DA RCN tc Q2 Q10

 PRE-DEV 25 ac. 64 0.87 hr. 8.5 cfs* 26.8 cfs*

POST-DEV 25 ac. 75 0.35 hr. 29.9 cfs 70.6 cfs

TR-20 COMPUTER RUN

PRE-DEV 25 ac. 64 0.87 hr. 8.0 cfs* 25.5 cfs*

POST-DEV 25 ac. 75 0.35 hr. 25.9 cfs 61.1 cfs

*Allowable release rate

5-4 STORAGE VOLUME REQUIREMENT ESTIMATES

Stormwater management facilities are designed using a trial and error process.  The designer does
many iterative routings to select a minimum facility size with the proper outlet controls.  Each
iterative routing requires that the facility size (stage-storage relationship) and the outlet
configuration (stage-discharge relationship) be evaluated for performance against the watershed
requirements.  A graphical evaluation of the inflow hydrograph versus an approximation of the
outflow rating curve provides the designer with an estimate of the required storage volume.
Starting with this assumed required volume, the number of iterations is reduced.

The graphical hydrograph analysis requires that the evaluation of the watershed’s hydrology
produce a runoff hydrograph for the appropriate design storms.  The state stormwater management
regulations allow the use of SCS methods or the modified rational method (critical storm duration
approach) for analysis.  Many techniques are available to generate the resulting runoff hydrographs
based on these methods.  It is the designer’s responsibility to be familiar with the limitations and
assumptions of the methods as they apply to generating hydrographs (refer to Chapter 4,
Hydrologic Methods).

Graphical procedures can be time consuming, especially when dealing with multiple storms, and are
therefore not practical when designing a detention facility for a small site development.  Shortcut
procedures have been developed to allow the engineer to approximate the storage volume
requirements.  Such methods include TR-55:  Storage Volume for Detention Basins, Section 5-
4.2, and Critical Storm Duration-Modified Rational Method-Direct Solution, Section 5-4.4,



ENGINEERING CALCULATIONS CHAPTER 5

5-4

Procedure

which can be used as planning tools.  Final design should be refined using a more accurate
hydrograph routing procedure.  Sometimes, these shortcut methods may be used for final design, but
they must be used with caution since they only approximate the required storage volume (refer to
the assumptions and limitations for each method).  

It should be noted that the TR-55 tabular hydrograph method does not produce a full hydrograph.
The tabular method generates only the portion of the hydrograph that contains the peak discharge
and some of the time steps just before and just after the peak.  The missing values must be
extrapolated, thus potentially reducing the accuracy of the hydrograph analysis.  It is recommended
that if SCS methods are to be used, a full hydrograph be generated using one of the available
computer programs.  The accuracy of the analysis can only be as accurate as the hydrograph used.

5-4.1   Graphical Hydrograph Analysis - SCS Methods

The following procedure represents a graphical hydrograph analysis that results in the approximation
of the required storage volume for a proposed stormwater management basin. Example 1 is
presented here to illustrate this technique. See Table 5-1 for a summary of the hydrology. The TR-
20 computer-generated inflow hydrograph is used for this example.  The allowable discharge from
the proposed basin has been established by ordinance (based on pre-developed watershed discharge).

Information Needed:

The pre- and post-developed hydrology, which includes the pre-developed peak rate of runoff
(allowable release rate) and the post-developed runoff hydrograph (inflow hydrograph) is required
for hydrograph analysis (see Table 5-1).

(Refer to Figure 5-1 for the 2-year developed inflow hydrograph and Figure 5-2 for the 10-year
developed inflow hydrograph):

1. Commencing with the plot of the 2-year developed inflow hydrograph (Discharge vs. Time),
the 2-year allowable release rate, Q2 = 8 cfs, is plotted as a horizontal line starting at time t =
0 and continuing to the point where it intersects the falling limb of the hydrograph. 

2. A diagonal line is then drawn from the beginning of the inflow hydrograph to the intersection
point described above.  This line represents the hypothetical rating curve of the control
structure and approximates the rising limb of the outflow hydrograph for the 2-year storm.
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FIGURE  5 - 1
SCS Runoff Hydrograph, Example 1, 2-Year Post-Developed

3. The storage volume is then approximated by calculating the area under the inflow hydrograph,
less the area under the rising limb of the outflow hydrograph.  This is shown as the shaded area
in Figure 5-1.  The storage volume required for the 2-year storm, S2 , can be approximated by
measuring the shaded area with a planimeter.

The vertical scale of a hydrograph is in cubic feet per second (cfs) and the horizontal scale is in
hours (hrs).  Therefore, the area, as measured in square inches (in2), is multiplied by scale conversion
factors of cfs per inch, hours per inch, and 3600 seconds per hour, to yield an area in cubic feet (ft3).
The conversion is as follows:

S2 = (0.398 in2)(10 cfs/in.)(2.5 hrs./in.)(3,600 sec./hr.)
= 35,820 ft3

= 0.82 ac.ft.
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4. On a plot of the 10-year inflow hydrograph, the 10-year allowable release rate, Q10 , is
plotted as a horizontal line extending from time zero to the point where it intersects the
falling limb of the hydrograph.

5. By trial and error, the time t2 , at which the S2 volume occurs while maintaining the 2-year
release, is determined by planimeter.  This is represented by the shaded area to the left of t2
on Figure 5-2.  From the intersection point of t2 and the 2-year allowable release rate, Q2 ,
a line is drawn to connect to the intersection point of the 10-year allowable release rate and
the falling limb of the hydrograph.  This intersection point is t10 , and the connecting line is
a straight line approximation of the outlet rating curve.

6. The area under the inflow hydrograph from time t2 to time t10 , less the area under the rising
limb of the hypothetical rating curve, represents the additional volume (shaded area to the
right of t2 on Figure 5-2) needed to meet the 10-year storm storage requirements.   

7. The total storage volume, S10 , required, can be computed by adding this additional storage
volume to S2 . This is represented by the total shaded area under the hydrograph.

S10  =  (0.89 in2 )(10 cfs/in.)(2.5 hrs./in.)(3,600 sec./hr.)
=  80,100 ft3

=  1.84 ac.ft.

These steps may be repeated if storage of the 100-year storm, or any other design frequency storm,
is required by ordinance or downstream conditions.  

In summary, the total volume of storage required is the area under the runoff hydrograph
curve and above the basin outflow curve.  It should be noted that the outflow rating curve is
approximated as a straight line.  The actual shape of the outflow rating curve will depend on the type
of outlet device used.  Figure 5-3 shows the typical shapes of outlet rating curves for orifice and
weir outlet structures.  The straight line approximation is reasonable for an orifice outlet structure.
However, this approximation will likely underestimate the storage volume required when a weir
outlet structure is used.  Depending on the complexity of the design and the need for an exact
engineered solution, the use of a more rigorous sizing technique, such as a storage indication
routing, may be necessary.  
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FIGURE  5 - 2
SCS Runoff Hydrograph, Example 1, 10-Year Post-Developed

FIGURE 5 - 3
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Typical Outlet Rating Curves for Orifice and Weir Outlet Devices
5-4.2 TR-55: Storage Volume for Detention Basins (Shortcut Method)

The TR-55 Storage Volume for Detention Basins, or TR-55 shortcut procedure, provides similar
results to the graphical analysis described in Section 5-4.1.  This method is based on average storage
and routing effects for many structures. TR-55 can be used for single-stage or multi-stage outflow
devices.  The only constraints are that 1) each stage requires a design storm and a computation of
the storage required for it, and 2) the discharge of the upper stage(s) includes the discharge of the
lower stage(s).  Refer to TR-55 for more detailed discussions and limitations.   

Information Needed:

To calculate the required storage volume using TR-55, the pre- and post-developed hydrology per
SCS methods is needed  (refer to Chapter 4).   This includes the watershed’s pre-developed peak
rate of discharge, or allowable release rate, Qo , the watershed’s post-developed peak rate of
discharge, or inflow, Qi , for the appropriate design storms, and the watershed’s  post-developed
runoff, Q, in inches.  (Note that this method does not require a hydrograph.)

Once the above parameters are known, the TR-55 Manual can be used to approximate the storage
volume required for each design storm.  The following procedure summarizes the TR-55 shortcut
method using the 25-acre watershed presented in Example 1.
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Procedure:

Vs2
/ Vr2

Vr2

1. Determine the peak developed inflow, Qi , and the allowable release rate, Qo , from the hydrology
for the appropriate design storm. The 2-year storm flow rates from Example 1 (TR-55 Graphical
peak discharge) are used here:

                                                   = 8.5 cfs ;           = 29.9 cfsQo2
Qi2

Using the ratio of the allowable release rate, Qo , to the peak developed inflow,  Qi , or Qo /Qi ,
for the appropriate design storm, use Figure 5-4 (or Figure 6-1 in TR-55) to obtain the ratio of
storage volume, Vs , to runoff volume, Vr , or Vs /Vr . 

From Example 1:

 = 8.5 / 29.9 = 0.28Qo2
/Qi2

From Figure 5-4 or TR-55 Figure 6.1:

.39

2. Determine the runoff volume, Vr , in ac.ft., from the TR-55 worksheets for the appropriate design
storm.

Vr = Q Am 53.33

where: Q  =  runoff, in inches, from TR-55 Worksheet 2
Am  =  drainage area, in square miles

53.33  =  conversion factor to acre-feet

From Example 1:

Q2  =  1.30 in.
Am  = 25 ac. / 640 ac./mi2 = 0 .039 mi2

 =  1.30(.039) 53.33
=  2.70 ac.ft.
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Vs

Vr

Vr Vs

3. Multiply the Vs /Vr ratio from Step 1 by the runoff volume, Vr , from Step 2, to determine the
volume of storage required, Vs , in acre-feet.

From Example 1:
(.39)(2.70 ac.ft.) = 1.05 ac.ft.

4. Repeat these steps for each additional design storm as required to determine the approximate
storage requirements. The 10-year storm storage requirements from Example 1 are presented
here:

a. Qo  =  26.8 cfs
Qi  = 70.6 cfs

Qo /Qi  =  26.8/70.6 = 0.38;  From Figure 5-4 or TR-55 Figure 6-1: Vs /Vr = .33

b. Vr  =  QAm 53.33 = 2.85 in.(.039 sq.mi.)(53.33) = 5.93 ac.ft.

c. Vs  =  (Vs /Vr )Vr = (.33) 5.93 ac.ft. = 1.96 ac.ft.

This volume represents the total storage required for the 2-year storm and the 10-year storm.

5. NOTE:  The volume from #4 above may need to be increased if additional storage is required
for water quality purposes or channel erosion control. Refer to Section 5-6 or Section 5-10,
respectively.

The design procedure presented above should be used with TR-55 Worksheet 6a, as shown in
Example 1 of Chapter 6. The worksheet includes an area to plot the stage-storage curve, from
which actual elevations corresponding to the required storage volumes can be derived. Table 5-2
provides a summary of the required storage volumes using the graphical SCS hydrograph analysis
and the TR-55 shortcut method.
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TABLE 5 - 2 
Storage Volume Requirements, Example 1

Method
2-yr. Storage

Required
10-yr. Storage

Required

Graphical Hydrograph Analysis 0.82 ac.ft. 1.84 ac.ft.

TR-55 Shortcut Method 1.05 ac.ft. 1.96 ac.ft.

FIGURE 5 - 4
Approximate Detention Basin Routing for Rainfall Types I, IA, II and III

Source:  SCS TR-55 Urban Hydrology for Small Watersheds:  Figure 6-1
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5-4.3  Graphical Hydrograph Analysis, Modified Rational Method - Critical Storm Duration

The Modified Rational Method uses the critical storm duration to calculate the maximum storage
volume for a detention facility. This critical storm duration is the storm duration that generates the
greatest volume of runoff and, therefore, requires the most storage. In contrast, the Rational Method
produces a triangular runoff hydrograph that gives the peak inflow at time = tc and falls to zero flow
at time = 2.5tc .  In theory, this hydrograph represents a storm whose duration equals the time of
concentration, tc , resulting in the greatest peak discharge for the given return frequency storm. The
volume of runoff, however, is of greater consequence in sizing a detention facility.  A storm whose
duration is longer than the tc may not produce as large a peak rate of runoff, but it may generate a
greater volume of runoff.  By using the Modified Rational Method, the designer can evaluate several
different storm durations to verify which one requires the greatest volume of storage with respect
to the allowable release rate.  It is this maximum storage volume that the basin must be designed to
detain.

The first step in determining the critical storm duration is to use the post-developed time of
concentration, tc , to generate a post-developed runoff hydrograph.  Rainfall intensity averaging
periods, Td , representing time periods incrementally longer than the tc , are then used to generate a
“family” of runoff hydrographs for the same drainage area.  These hydrographs will be trapezoidal
with the peak discharges, Qi , based upon the intensity, I, of the averaging period, Td . Figure 5-5
shows the construction of a typical triangular and trapezoidal hydrograph using the modified rational
method, and a family of trapezoidal hydrographs representing storms of different durations.

Note that the duration of the receding limb of the trapezoidal hydrograph, in Figure 5-5, is set to
equal 1.5 times the time of concentration, tc .  Also, the total hydrograph duration is 2.5tc versus 2tc
as discussed in Chapter 4. This longer duration is considered more representative of actual storm
and runoff dynamics.  It is also more analogous to the SCS unit hydrograph where the receding limb
extends longer than the rising limb. 

The Modified Rational Method assumes that the rainfall intensity averaging period is equal to the
actual storm duration.  This means that the rainfall and runoff that occur before and after the rainfall
averaging period are not accounted for.  Therefore, the Modified Rational Method may
underestimate the required storage volume for any given storm event.

The rainfall intensity averaging periods are chosen arbitrarily.  However, the designer should select
periods for which the corresponding intensity-duration-frequency (I-D-F) curves are available, i.e.,
10 min., 20 min., 30 min., etc. The shortest period selected should be the time of concentration, tc .
A straight line starting at Q = 0 and t = 0 and intercepting the inflow hydrograph on the receding
limb at the allowable release rate, Qo , represents the outflow rating curve.  The time averaging
period hydrograph that represents the greatest storage volume required is the one with the largest
area between the inflow hydrograph and outflow rating curve.  This determination is made by a
graphical analysis of the hydrographs.
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FIGURE  5 - 5
Modified Rational Method Hydrographs
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Procedure:

The following procedure represents a graphical analysis very similar to the one described in Section
5-4.1. Example 1 from Chapter 6 will be used again. Note that the rational and modified
rational methods should normally be used in homogeneous drainage areas of less than 20
acres, with a tc of less than 20 minutes. Although the watershed in Example 1 has a drainage area
of 25 acres and a tc of greater than 20 minutes, it will be used here for illustrative purposes.  Note
that the pre- and post-developed peak discharges are much greater than those calculated using the
SCS method applied to the same watershed.  This difference may be the result of the large acreage
and tc values. 

A summary of the hydrology is found in Table 5-3.  Note that the tc calculations were performed
using the more rigorous SCS TR-55 method.

TABLE  5 - 3
Hydrologic Summary, Example 1, Rational Method

Rational Method

CONDITION D.A. C Tc Q2 Q10

Pre-developed 25 ac. .38 .87 hr
52 min.

17 cfs 24 cfs

Post-developed 25 ac. .59 .35 hr.
21 min.

49 cfs  65 cfs

Information Needed:

The Modified Rational Method-Critical Storm Duration Approach is very similar to SCS methods
since it requires pre- and post-developed hydrology in the form of a pre-developed peak rate of
runoff (allowable release rate) and a post-developed runoff hydrograph (inflow hydrograph),  as
developed using the Rational Method.

(Refer to Figures 5-6 and 5-7.)

1. Plot the 2-year developed condition inflow hydrograph (triangular) based on the developed
condition, tc .

2. Plot a family of hydrographs, with the time averaging period, Td , of each hydrograph
increasing incrementally from 21 minutes (developed condition tc) to 60 minutes, as shown in
Figure 5-6.  Note that the first hydrograph is a Type 1 Modified Rational Method triangular
hydrograph, as shown in Figure 4-7 in Chapter 4, where the storm duration, d, or Td , is equal
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Conveyance systems should still be designed using the Rational Method, as opposed to the
Modified Rational Method, to ensure their design for the peak rate of runoff.

to the time of concentration, tc . The remaining hydrographs are trapezoidal, or Type 2
hydrographs.  The peak discharge for each hydrograph is calculated using the rational equation,
Q = CIA, where the intensity, I, from the I-D-F curve is determined using the rainfall intensity
averaging period as the storm duration.

3. Superimpose the outflow rating curve on each inflow hydrograph.  The area between the two
curves then represents the storage volume required, as shown in Figure 5-6.  Similar cautions,
as described in the SCS Methods, Section  5-4.1, regarding the straight line approximation of
the outlet discharge curve apply here as well.  The actual shape of the outflow curve depends
on the type of outlet device.

4. Compute and tabulate the required storage volume for each of the selected rainfall durations
or time averaging periods, Td , using the procedures described in Section  5-4.1.

The storm duration that requires the maximum storage is the critical storm and is used for the
sizing of the basin.  (A storm duration equal to the tc produces the largest storage volume
required for the 2-year storm presented here.)  

5. Repeat Steps 1 through 4 above for the analysis of the 10-year storage requirements.
(Figure 5-7 represents this procedure repeated for the 10-year design storm.)

TABLE  5 - 4
Storage Volume Requirements - Example 1

Method
2-yr. Storage

Required
10-yr. Storage

Required

Graphical Hydrograph
Analysis

0.82 ac.ft. 1.84 ac.ft.

TR-55 Shortcut Method 1.05 ac.ft. 1.96 ac.ft.

Modified Rational Method -
Critical Storm Duration

1.16 ac.ft.
Td = 21 min.

1.56 ac.ft.
Td = 40 min.
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FIGURE  5 - 6
Modified Rational Method Runoff Hydrograph, Example 1, 2-Year Post-Developed Condition
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FIGURE  5 - 7
Modified Rational Method Runoff Hydrograph, Example 1,

 10-Year Post-Developed Condition
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The straight line representation of the outflow hydrograph is a
conservative approximation of the shape of the outflow hydrograph for
an orifice control release structure.  This method should be used with
caution when designing a weir control release structure.

V QiTd
Qitc

4
qoTd

2
3qotc

4
60

5-4.4 Modified Rational Method, Critical Storm Duration - Direct Solution

A direct solution to the Modified Rational Method, Critical Storm Duration has been developed to
eliminate the time intensive, iterative process of generating multiple hydrographs.  This direct solution
takes into account the storm duration and allows the designer to solve for the time at which the storage
volume curve has a slope equal to zero, which corresponds to maximum storage. The basic derivation
of this method is provided below, followed by the procedure as applied to Example 1.

Storage Volume

The runoff hydrograph developed with the Modified Rational Method, Critical Storm Duration will
be either triangular or trapezoidal in shape. The outflow hydrograph of the basin is approximated
by a straight line starting at 0 cfs at the time t=0 and intercepting the receding leg of the runoff
hydrograph at the allowable discharge, qo .

The required storage volume is represented by the area between the inflow hydrograph and the
outflow hydrograph in Figure 5-8.  This area can be approximated using the following equation:

Equation 5-1
Trapezoidal Hydrograph Storage Volume Equation

Where: V  =  required storage volume, ft3

Qi  =  inflow peak discharge, cfs, for the critical storm duration, Td
tc   =  post-developed time of concentration, min.
qo  =  allowable peak outflow, cfs
Td  = critical storm duration, min.

The allowable peak outflow is established by ordinance or downstream conditions.  The critical
storm duration, Td , is an unknown and must be determined to solve for the intensity, I, and to
ultimately calculate the peak inflow, Qi .  Therefore, a relationship between rainfall intensity, I, and
the critical storm duration, Td , must be established.
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I a
b Td

FIGURE 5 - 8
Trapezoidal Hydrograph Storage Volume Estimate

Rainfall Intensity

The rainfall intensity as taken from the I-D-F curves is dependent on the time of concentration, tc ,
of a given watershed.  Setting the storm duration, Td , equal to the time of concentration, tc , will
provide the maximum peak discharge.  As stated previously, however, it does not necessarily
generate the maximum volume of discharge.  Since this maximum volume of runoff is of interest,
and the storm duration is unknown, the rainfall intensity, I, must be represented as a function of time,
frequency, and location.  The
relationship is expressed as follows:

Equation  5-2
Modified Rational Method Intensity, (I), Equation

where: I  =  rainfall intensity, in./hr.
Td  =  rainfall duration or rainfall intensity averaging period, min.

a & b  =  rainfall constants developed for storms of various recurrence intervals
and various geographic locations, as shown in Table 5-5
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Q C a
b Td

A

TABLE  5 - 5
Rainfall Constants for Virginia*

Duration -  5 minutes to 2 hours

Station Rainfall Frequency Constants

Wytheville
2
5

10

117.7
168.6
197.8

19.1
23.8
25.2

Lynchburg
2
5

10

118.8
158.9
189.8

17.2
20.6
22.6

Richmond
2
5

10

130.3
166.9
189.2

18.5
20.9
22.1

Norfolk
2
5

10

126.3
173.8
201.0

17.2
22.7
23.9

Cape Henry
2
5

10

143.2
173.9
203.9

21.0
22.7
24.8

The above constants are based on linear regression analyses of the frequency 
intensity-duration curves contained in the VDOT Drainage Manual.

(Adapted from DCR Course “C” Training Notebook.)

*For a more comprehensive list, see Appendix 5A.

The rainfall constants, a and b, were developed from linear regression analyses of the I-D-F curves
and can be generated for any area where such curves are available.  The limitations associated with
the I-D-F curves, such as duration, return frequency, etc., will also limit development of the
constants.  Table 5-5 provides rainfall constants for various regions in Virginia. Substituting
Equation 5-2 into the rational equation results in the following:

Equation 5-3
Rearranged Rational Equation
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V C a
b Td

A Td

C a
b Td

A tc

4
qoTd

2
3qotc

4
60

Td
2CAa(b tc/4)

qo

b

where: Q  =  peak rate of discharge, cfs
a & b  =  rainfall constants developed for storms of various recurrence intervals and

various geographic locations, as shown in Table 5-5
Td  =  critical storm duration, min.
C  =   runoff coefficient
A = drainage area, acres

Substituting this relationship for Qi , Equation 5-1  then becomes: 

Equation 5-4
Substitute Equation 5-3 into Equation 5-1

Maximum Storage Volume

The first derivative of this storage volume equation, Equation 5-4, with respect to time is an
equation that represents the slope of the storage volume curve plotted versus time.  When this
equation is set to equal zero, and solved for Td , it represents the time, Td , at which the slope of the
storage volume curve is zero, or at a maximum, as shown in Figure 5-9. Equation 5-5 represents
the first derivative of the storage volume equation with respect to time and can be solved for Td.

Equation 5-5
Critical Storm Duration, Td

where: Td  =  critical storm duration, min.
C  =  runoff coefficient
A  =  drainage area, acres

a & b  =  rainfall constants developed for storms of various recurrence intervals
and various geographic locations, as shown in Table 5-5

tc  =  time of concentration, min.
qo  =  allowable peak outflow, cfs
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FIGURE 5 - 9
Storage Volume vs. Time Curve

Equation 5-5 is solved for Td .  Then, Td is substituted into Equation 5-3 to solve for Qi , and Qi is
substituted into Equation 5-1 to solve for the required storage volume.  Once the storage volume
is known,  the outlet structure and the stormwater facility can be sized.  This method provides a
direct solution to the graphical analysis of the family of hydrographs described in Section 5-4.3 and
is  quicker to use.  The following procedure illustrates this method using Example 1:

Information Needed:

The Modified Rational Method-Direct Solution is similar to the previous methods since it requires
determination of the pre- and post-developed hydrology, as described in Section 4-3.1, resulting in
a pre-developed peak rate of runoff (allowable release rate) and a post-developed runoff
hydrograph. Table 5-3 provides a summary of the hydrology from Example 1.  The rainfall
constants a and b for the watershed are determined from Table 5-5.
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Procedure:

Td2

2CAa(b tc /4)
qo2

b

Td2

2(.59)(25.0)(130.3)(18.5 21/4)
17

18.5

2995.9 18.5

Td2
36.2 min.

I2
a

b Td2

1. Determine the 2-year critical storm duration by solving Equation 5-5:

Where, from Example 1:

  = 2-year critical storm duration, min.Td2

C  =  developed condition runoff coefficient = .59
A  =  drainage area = 25.0 acres
tc  =  post-developed time of concentration = 21 min.

  =  allowable peak outflow = 17 cfs (pre-developed peak rate ofqo2
discharge)

a2  =  2-year rainfall constant = 130.3
b2  =  2-year rainfall constant = 18.5

2. Solve for the 2-year critical storm duration intensity, I2 , using Equation 5-2 and the 2-year
critical storm duration :Td2
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I2
130.3

18.5 36.2
2.38

V2 Qi2
Td2

Qi2
tc

4

qo2
Td2

2

3qo2
tc

4
60

V2 (35.1)(36.2) (35.1)(21)
4

(17)(36.2)
2

3(17)(21)
4

60

where:   =  critical storm duration = 36.2 min.Td2

a  =  2-year rainfall constant = 130.3
b  =  2-year rainfall constant = 18.5

in./hr.

3. Determine the 2-year peak inflow, , using the Rational Equation and the critical stormQi2duration intensity I2:

  = CI2 AQi2

where:   =  2-year peak inflow, cfsQi2
C  =  developed condition runoff coefficient = .59
I2  =  critical storm intensity = 2.38 in./hr.
A  =  drainage area = 25 acres

  = (0.59)(2.38)(25)Qi2

  =  35.1 cfsQi2

4. Determine the 2-year required storage volume for the 2-year critical storm duration,  ,Td2using Equation 5-1:

where: V2  =  2-year required storage, ft3

  =  2-year peak inflow for critical storm = 35.1 cfsQi2
C  =  developed runoff coefficient = .59
A  =  area  =  25.0 acres

  =  critical storm duration = 36.2 min.Td2

tc   =  developed condition time of concentration = 21 min.
  =  2-year allowable peak outflow = 17 cfsqo2

V2 = 52,764 ft3 = 1.21 ac.ft.
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Td10

2(.59)(25.0)(189.2)(22.1 21/4)
24

22.1

Td10
3918.6 22.1

Td10
40.5 min.

I10
a

b Td10

I10
189.2

22.1 40.5
3.02

Repeat  Steps 2 through 4 for the 10-year storm, as follows:

  5. Determine the 10-year critical storm duration , using Equation 5-5 as follows:Td10

Where:   =  10-year critical storm duration, min.Td10

C  =  developed condition runoff coefficient = .59
A  =  drainage area = 25 acres
tc  =  post-developed time of concentration = 21 min.

  =  24 cfsq o10

a10  =  189.2
b10  =  22.1

6. Solve for the 10-year critical storm duration intensity, I10 , using Equation 5-2, and the 10-
year critical storm duration,  .Td10

in./hr.

7. Determine the 10-year peak inflow,  , using the Rational Equation and the critical stormQi10

duration intensity I10 :
 = C I10 AQi10
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Qi10
Td10

Qi10
tc

4

qo10
Td10

2

3qo10
tc

4
60

(44.5)(40.5) (44.5)(21)
4

(24)(40.5)
2

3(24)(21)
4

60

Where:   =  10-year peak inflowQi10

C  =  developed condition runoff coefficient = .59
I10  =  critical storm intensity = 3.02 in./hr.
A  =  drainage area = 25.0 ac.

  =  (.59)(3.02)(25.0)Qi10

 =  44.5 cfsQi10

8. Determine the required 10-year storage volume for the 10-year critical storm duration, ,Td10

using Equation 5-1:

V10

Where: V10  =  required storage, ft3

  =  44.5 cfsQi10

C  =  .59
A  =  25 ac.

  =  40.5 min.Td10

tc  =  21 min.
=  24 cfsqo10

                         V10

V10  = 70,308 ft3 = 1.61 ac.ft.

V2 and V10  represent the total storage volume required for the 2-year and 10-year storms,
respectively. Table 5-6 provides a summary of the four different sizing procedures used in this
chapter, as applied to Example 1.  The engineer should choose one of these methods based on the
complexity and size of the watershed and the chosen hydrologic method.  Using the stage-storage
curve, a multi-stage riser structure can then be designed to control the appropriate storms and, if
required, the water quality volume.
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TABLE  5 - 6
Summary of Results: Storage Volume Requirement Estimates, Example 1

Method 2-yr. Storage
Required

10-yr. Storage
Required

Graphical Hydrograph Analysis 0.82 ac.ft. 1.84 ac.ft.

TR-55 Shortcut Method 1.05 ac.ft. 1.96 ac.ft.

Modified Rational Method - Critical
Storm Duration - Graphical Solution

1.16 ac.ft. 1.56 ac.ft.

Modified Rational Method - Critical
Storm Duration - Direct Solution

1.21 ac.ft.
Td = 36.2 min.

1.61 ac.ft.
Td = 40.5 min.

5-5 STAGE-STORAGE CURVE

By using one of the above methods for determining the storage volume requirements, the engineer
now has sufficient information to place and grade the proposed stormwater facility.  Remember, this
is a preliminary sizing which needs to be refined during the actual design.  By trial and error,
the approximate required volume can be achieved by designing the basin to fit the site geometry and
topography.  The storage volume can be computed by planimetering the contours and creating a
stage-storage curve.

5-5.1  Storage Volume Calculations

For retention/detention basins with vertical sides, such as tanks and vaults, the storage volume is
simply the bottom surface area times the height.  For basins with graded (2H:1V, 3H:1V, etc.) side
slopes or an irregular shape, the stored volume can be computed by the following procedure.  Figure
5-10 represents the stage-storage computation worksheet completed for Example 1.  A blank
worksheet can be found at the end of this chapter (see Figure 5-27). ( Note that other methods for
computing basin volumes are available, such as the Conic Method for Reservoir Volumes, but they
are not presented here.)
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Procedure:

1. Planimeter or otherwise compute the area enclosed by each contour and enter the measured
value into Columns 1 and 2 of Figure 5-10.  The invert of the lowest control orifice represents
zero storage.   This will correspond to the bottom of the facility for extended-detention or
detention facilities, or the permanent pool elevation for retention basins.

2. Convert the planimetered area (often in square inches) to units of square feet in Column 3 of
Figure 5-10.

3. Calculate the average area between each contour.  

The average area between two contours is computed by adding the area planimetered for the
first elevation, column 3, to the area planimetered for the second elevation, also Column 3,
and then dividing their sum by 2.  This average is then written in Column 4 of Figure 5-10.

From Figure 5-10:

Average area, elevation 81-82:    0 + 1800  = 900 ft2.
2

Average area, elevation 82-84: 1800 + 3240 = 2,520 ft2.
2

Average area, elevation 84-86:  3240 + 5175 = 4,207 ft2.
2

This procedure is repeated to calculate the average area found between any two consecutive
contours.

4. Calculate the volume between each contour by multiplying the average area from step 3
(Column 4) by the contour interval and placing this product in Column 6.   From Figure 5-10:

Contour interval between 81 and 82 = 1 ft. x  900 ft2 = 900 ft3

Contour interval between 82 and 84 = 2 ft. x 2,520 ft2 = 5,040 ft3

This procedure is repeated for each measured contour interval.
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FIGURE 5 - 10
 Stage-Storage Computation Worksheet, Example 1

  PROJECT: EXAMPLE 1 SHEET             OF

  COUNTY:  COMPUTED BY:   DATE:  

  DESCRIPTION:

  ATTACH COPY OF TOPO:   SCALE -  1" = 30 ft.

1 2 3 4 5 6 7 8

ELEV. AREA
(in2)

AREA
(ft2)

AVG.
AREA

(ft2)
INTERVAL VOL.

(ft3)
TOTAL VOLUME

(ft3) (ac.ft.)

81 0 0 0 0
900 1 900

82 2.0 1800 900  .02
2520 2 5040

84 3.6 3240 5940  .14
4207 2 8414

86 5.75 5175 14354  .33
7614 2 15228

88 11.17 10053 29582  .68
12991 2 25982

90 17.7 15930 55564 1.28
20700 2 41400

92 28.3 25470 96964 2.23
31102 1 31102

93 40.8 36734 128066 2.94
38105 1 38105

94 43.9 39476 166171 3.81
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5. Sum the volume for each contour interval in Column 7.  Using Figure 5-10, this is simply the
sum of the volumes computed in the previous step:

Contour 81, Volume = 0

Contour 82, Volume = 0 + 900 = 900 ft3

Contour 84, Volume = 900 + 5,040 = 5,940 ft3

Contour 86, Volume = 5,940 + 8,414 = 14,354 ft3

Column 8 allows for the volume to be tabulated in units of acre-feet:  ft3 ÷ 43,560 ft2/ac.

This procedure is then repeated for each measured contour interval.

6. Plot the stage-storage curve with stage on the y-axis versus storage on the x-axis.  Figure 5-
11 represents the stage-storage curve for Example 1 in units of feet (stage) versus acre-feet
(storage).

The stage-storage curve allows the designer to estimate the design high water elevation for each of
the design storms if the required storage volume has been determined.  This allows for a preliminary
design of the riser orifice sizes and their configuration. 

5-6 WATER QUALITY AND CHANNEL EROSION CONTROL VOLUME
CALCULATIONS

Virginia’s Stormwater Management Regulations require that the first flush of runoff, or the water
quality volume, be treated to enhance water quality.  The water quality volume (Vwq) is the first 0.5
inches of runoff from the impervious area of development.  The water quality volume must be
treated
using one or a combination of BMP's depending on the total size of the contributing watershed,
amount of impervious area, and site conditions.  (Refer to Chapters 2 and 3 for BMP Selection
Criteria and BMP Minimum Standards and Specifications, respectively.)

The water quality volume is calculated as follows:

Vwq (ft3) = Impervious area (ft2) x (½ in.) / (12 in./ft.) 

Vwq (ac.ft.) = Vwq (ft3) / 43,560 ft2/ac.

The water quality volume for a wet BMP may be dependent on the specific design criteria for that
BMP based on the watershed’s imperviousness or the desired pollutant removal efficiency (using
performance-based or technology-based criteria, respectively).  The design criteria for each of the
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BMPs, including extended-detention and retention basins, infiltration devices, constructed wetlands,
marshes, etc.,  are presented in Chapter 3.  This discussion is focused on the calculations associated
with the control of the water quality volume in extended-detention and retention basins.  

Virginia’s Stormwater Management Regulations allow for the control of downstream channel
erosion by detaining a specified volume of runoff for a period of time.  Specifically, 24-hour
extended detention of the runoff from the 1-year frequency storm is proposed as an alternate criteria
to the 2-year peak rate reduction specified in MS-19 of the Virginia Erosion and Sediment Control
Regulations, and the channel erosion component of the Virginia Stormwater Management
Regulations.  The channel erosion control volume (Vce) is calculated by first determining the depth
of runoff (in inches) based on the fraction of rainfall to runoff (runoff curve number) and then
multiplying the runoff depth by the drainage area to be controlled.  This procedure will be discussed
in 5-6.3.

FIGURE 5 - 11
Stage vs. Storage Curve, Example 1
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Procedure

5-6.1   Retention Basins - Water Quality Volume

The permanent pool feature of a retention basin allows for settling of particulate pollutants, such as
sediment and other pollutants that attach adsorb to these particulates.  Therefore, it is essential that
the volume of the pool be both large enough and properly configured to prevent short-circuiting.
(Short-circuiting results when runoff enters the pool and exits without sufficient time for the settling
process to occur.)

The permanent pool, or “dead” storage volume, of a retention facility is a function of the water
quality volume.  For example, a permanent pool sized to contain four times the water quality volume
provides greater pollutant removal capacity than a permanent pool sized to contain two times the
water quality volume.   Chapter 3 provides the pollutant removal efficiencies for various permanent
pool sizes and criteria for permanent pool geometry.

Example 1 analyzes a 25-acre watershed.  The water quality volume and permanent pool volume
calculations for a retention basin serving this watershed are as follows:

1. Calculate the water quality volume, Vwq , for the given watershed.

From Example 1, the commercial/industrial development disturbs 11.9 acres, with 9.28 acres
(404,236 ft2.) of impervious cover after development.

                        Vwq  = 404,236 ft2 x ½ in. / 12 in./ft.

 = 16,843 ft3

                        = 16,843 ft3/43,560 ft2/ac.

Vwq  =  0.38 ac.ft.

2. Size the permanent pool based on the desired pollutant removal efficiency or the drainage
area impervious cover.

The pool volume will be sized based upon the desired pollutant removal efficiency. Referring
to Table 3.06-1, the permanent pool must be sized for 4 x Vwq for a pollutant removal
efficiency of 65%.

Permanent Pool Volume = Vwq x 4.0

Permanent Pool Volume  =  0.38 ac.ft. x 4.0 = 1.52 ac.ft.
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5-6.2   Extended-Detention Basins - Water Quality Volume and Orifice Design

A water quality extended-detention basin treats the water quality volume by detaining it and releasing
it over a specified amount of time. In theory, extended-detention of the water quality volume will allow
the particulate pollutants to settle out of the first flush of runoff, functioning similarly to a permanent
pool. Virginia’s Stormwater Management Regulations pertaining to water quality specify a 30-hour draw
down time for the water quality volume. This is a brim draw down time, beginning at the time of peak
storage of the water quality volume.  Brim-draw down time means the time required for the entire
calculated volume to drain out of the basin.  This assumes that the brim volume is present in the basin
prior to any discharge.  In reality, however, water is flowing out of the basin prior to the full or brim
volume being reached.  Therefore, the extended detention orifice can be sized using either of the
following methods:

1. Use the maximum hydraulic head associated with the water quality volume (Vwq) and calculate the
orifice size needed to achieve the required draw down time, and route the the water quality volume
through the basin to verify the actual storage volume used and the drawdown time.

2. Approximate the orifice size using the average hydraulic head associated with the water quality
volume (Vwq) and the required draw down time.

The two methods for calculating the required size of the extended detention orifice allow for a quick and
conservative design (Method 2 above) and a similarly quick estimation with a routing to verify the
performance of the design (Method 1).  

Method 1, which uses the maximum hydraulic head and maximum discharge in the calculation, results
in a slightly larger orifice than the same procedure using the average hydraulic head (Method 2). The
routing allows the designer to verify the performance of the calculated orifice size.  As a result of the
routing effect however, the actual basin storage volume used to achieve the draw down time will be less
than the computed brim draw down volume.  It should be noted that the routing of the extended detention
of the runoff from storms larger than the water quality storm (such as the 1-year frequency storm for
channel erosion control) will result in proportionately larger reduction in the actual storage volume
needed to achieve the required extended detention. (Refer to Section 5-6.3 for the extended detention
design procedures for channel erosion protection.)

The procedure used to size an extended detention orifice includes the first steps of the design of a multi-
stage riser for a basin controlling water quality and/or channel erosion, and peak discharge.  These steps
are repeated for sizing the 2-year and 10-year release openings. Other design storms may be used as
required by ordinance or downstream conditions.

Method 1:  Water quality orifice design using maximum hydraulic head and routing of the water
quality volume.

A water quality extended-detention basin sized for two times the water quality volume will be used here
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Procedure:

Qavg
33,106 ft 3

(30hr.) (3,600sec./hr.)
0.30 cfs

to illustrate the sizing procedure for an extended-detention orifice.  

1. Calculate the water quality volume, Vwq , required for treatment.  

From Example 1:

Vwq  = 404,236 ft2  x  ½ in/ 12 in/ft = 16,843 ft3

Vwq  = 16,843 ft3/ 43,560 ft2/ac = 0.38 ac.ft.

For extended-detention basins, 2 x Vwq = 2(0.38 ac.ft.) = 0.76 ac.ft.= 33,106 ft3.

2. Determine the maximum hydraulic head, hmax , corresponding to the required water quality
volume.

From the Example 1 stage vs. storage curve (Figure 5-11):

0.76 ac.ft. occurs at elevation 88 ft. (approximate).  Therefore, hmax = 88 - 81 = 7.0 ft.

3. Determine the maximum discharge, Qmax ,  resulting from the 30-hour drawdown requirement.

The maximum discharge is calculated by dividing the required volume, in ft3, by the required
time, in seconds, to find the average discharge, and then multiplying by 2, to determine the
maximum discharge.

From Example 1:

Qmax  = 2 x 0.30 cfs = 0.60 cfs

4. Determine the required orifice diameter by rearranging the Orifice Equation, Equation 5-6
to solve for the orifice area, in ft2, and then diameter, in ft.

Insert the values for Qmax and hmax into the Rearranged Orifice Equation, Equation 5-7 to
solve for the orifice area, and then solve for the orifice diameter.
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a 0.6
0.6 (2)(32.2)(7.0)

a 0.047 ft 2 ˊr 2 ˊd 2/4

d 4a
ˊ

4(0.047 ft 2)
ˊ

Q Ca 2gh a Q
C 2gh

       Equation 5-6       Equation 5-7
    Orifice Equation       Rearranged Orifice Equation

where: Q  =  discharge, cfs
C  =  dimensionless coefficient = 0.6
a  =  area of the orifice, ft2

g  =  gravitational acceleration, 32.2 ft/sec2

h  =  head, ft.

  From Example 1:
For orifice area:

For orifice diameter:

d = orifice diameter = 0.245 ft = 2.94"

Use a 3-inch diameter  water quality orifice.

Routing the water quality volume  (Vwq) of 0.76 ac.ft., occurring at elevation 88 feet, through a 3-
inch water quality orifice will allow the designer to verify the draw down time, as well as the
maximum elevation of 88 feet. 

Route the water quality volume.

This calculation will give the engineer the inflow-storage-outflow relationship in order to verify the
actual storage volume needed for the extended detention of the water quality volume.  The routing
procedure takes into account the discharge that occurs before maximum or brim storage of the water
quality volume, as opposed to the brim drawdown described in Method 2.   The routing procedure
is simply a more accurate analysis of the storage volume used while water is flowing into and out
of the basin.  Therefore, the actual volume of the basin used will be less than the volume as defined
by the regulation.  This procedure will come in handy if the site to be developed is tight and the area
needed for the stormwater basin must be “squeezed” as much as possible.  
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Procedure (contd.):

Q Ca 2gh

Q 0.6 (.047) (2)(32.2)(h)

Q 0.22 h

The routing effect of water entering and discharging from the basin simultaneously will also result
in the actual drawdown time being less than the calculated 30 hours. Judgement should be used to
determine whether the orifice size should be reduced to achieve the required 30 hours or if the actual
time achieved will provide adequate pollutant removal. 

NOTE: The designer will notice a significant reduction in the actual storage volume used when
routing the extended detention of the runoff from the 1-year frequency storm (channel erosion
control).  Please refer to Chapter 5-6.3 and Chapter 5-11 for the appropriate design procedures
when extended detention is provided for channel erosion control.

Routing the water quality volume depends on the ability to work backwards from the design runoff
volume of 0.5 inches to find the rainfall amount.  Using SCS methods, the rainfall needed to
generate 0.5 inches of runoff from an impervious surface (RCN=98) is 0.7 inches.  The SCS design
storm is the Type II, 24-hour storm.   Therefore, the water quality storm using SCS methods is
defined as the SCS Type II, 24-hour storm, with a rainfall depth = 0.7 inches.

The rational method does not provide a design storm derived from a specified rainfall depth.  Its
rainfall depth depends on the storm duration (watershed tc)  and the storm return frequency.  Since
the water quality storm varies with runoff amount, not the design storm return frequency, an
input runoff hydrograph representing the water quality volume cannot be generated using
rational method parameters.  Therefore Method 1, routing of the water quality volume, must use
SCS methods.  See Chapter 4 for details on SCS methods.

Continuing with Example 1, the procedure is as follows:

5. Calculate a stage-discharge relationship using the Orifice Equation, Equation 5-6 and the
orifice size determined in Step 4.

From Example 1, using the 3-inch diameter orifice, the calculation is as follows:

Orifice Equation 5-6

where: h  =  water surface elevation minus the orifice’s centerline elevation*, in ft.
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*Note:  If the orifice size is small relative to the anticipated head, h, values of  h may be
defined as the water surface elevation minus the invert of the orifice elevation.

7. Complete a stage-discharge table for the range of elevations in the basin, as shown in
Table 5-7:

TABLE  5 - 7
Stage-Discharge Table:  Water Quality Orifice Design

Elevation h (ft) Q (cfs)

81 0 0

82 1 0.2

83 2 0.3

84 3 0.4

85 4 0.4

86 5 0.5

87 6 0.5

88 7 0.6

8.  Determine the time of concentration as defined in Chapter 4 for the impervious area.  

 From Example 1, the developed time of concentration, tc = 0.46 hours.  The impervious
 area time of concentration,  = 0.09 hours, or 5.4 minutes.tcimp

9. Using , the stage-discharge relationship, the stage-storage relationship, and the impervioustcimpacreage (RCN = 98),  route the water quality storm through the basin.  The water quality storm
for this calculation is the SCS Type 2,  24-hour storm, rainfall depth = 0.7 inches. (Note that
the rainfall depth is established as the amount of rainfall required to generate 0.5 inches of
runoff from the impervious area.)

The water quality volume may be routed using a variety of computer programs such as TR-20,
HEC-1, or other storage indication routing programs.  Alternatively,  it can be routed by hand
using the storage indication routing procedure outlined in Section 5-9 of this chapter. 
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10. Evaluate the discharge hydrograph to verify that the drawdown time from maximum storage
to zero discharge is at least 30 hours. (Note that the maximum storage corresponds to the
maximum rate of discharge on the discharge hydrograph.)

The routing of the water quality volume using TR-20 results in a maximum storage elevation
is 85.69 ft. versus the approximated 88.0 ft. The brim drawdown time is 17.5 hours (peak
discharge occurs at 12.5 hours and .01 discharge occurs at 30 hours). For this example, the
orifice size may be reduced to provide a more reasonable drawdown time and another routing
performed to find the new water quality volume elevation.  

METHOD 2: Water quality orifice design using average hydraulic head and average discharge.

The procedure described in Method 2 is presented in the next section.  For the previous example,
Method 2 results in a 2.5 inch orifice (versus a 3.0 inch orifice), and the design extended detention
water surface elevation is set at 88 ft.(versus 85.69ft.). ( It should be noted that trial two of Method
1 as noted above may result in a design water surface elevation closer to 88 ft.)  If the basin is to
control additional storms, such as the 2-year and/or 10-year storms, the additional storage volume
would be "stacked" just above the water quality volume.  The invert for the 2-year control, for
example, would be set at 88.1 ft.

5-6.3 Extended-Detention Basins - Channel Erosion Control Volume and Orifice Design

Extended detention of a specified volume of stormwater runoff can also be incorporated into a basin
design to protect downstream channels from erosion.  Virginia’s Stormwater Management
Regulations recommend 24-hour extended detention of the runoff from the 1-year frequency storm
as an alternative to the 2-year peak rate reduction  required by MS-19 of the Virginia Erosion and
Sediment Control Regulations.  A full discussion of this channel erosion criteria will be presented
in a future Technical Bulletin, along with practical guidance from DCR on the effective
implementation of the criteria. The discussion presented here is for the design of a channel erosion
control extended-detention orifice.

The design of a channel erosion control extended-detention orifice is similar to the design of the
water quality orifice in that two methods can be employed:

1. Use the maximum hydraulic head associated with the specified channel erosion control
(Vce) storage volume and calculate the orifice size needed to achieve the required draw
down time and route the 1-year storm through the basin to verify the storage volume and
the draw down time, or

2. Approximate the orifice size using the average hydraulic head associated with the
channel erosion control volume (Vce) and draw down time. 
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Procedure

The routing procedure takes into account the discharge that occurs before maximum or brim storage
of the channel erosion control volume (Vce).  The routing procedure simply provides a more accurate
accounting of the storage volume used while water is flowing into and out of the basin, and results
in less storage volume being used than the calculated brim storage volume associated with the
maximum hydraulic head.  The actual storage volume needed for extended detention of the runoff
generated by the 1-year frequency storm will be approximately 60 percent of the calculated volume
(Vce) of runoff for curve numbers between 75 and 95 and time of concentration between 0.1 and 1
hour.

The following procedure illustrates the design of the extended-detention orifice for channel erosion
control. Refer to Chapter 6 for Example 6.2 which includes the design of an extended-detention
orifice for channel erosion control, Method 1, within the design of a multi-stage riser.

Method 2:

1. Calculate the channel erosion control volume, Vce.

Determine the rainfall amount (inches) of the 1-year frequency storm for the local area where
the project is located (Appendix 4B).  With the rainfall amount and the runoff curve number
(RCN), determine the corresponding runoff depth using the runoff Equation (Chapter 4:
Hydrologic Methods - SCS TR-55) or the Rainfall - Runoff Depth Charts (Appendix 4C).

From Example 2:

1-year rainfall = 2.7 inches, RCN = 75; using Appendix 4C, the 1-year frequency depth of runoff =
0.8 inches, therefore:

Vce = 25 ac. x 0.8 in. × 1'/12" = 1.66 ac.ft.

To account for the routing effect, reduce the channel erosion control volume:

Vce = (0.6)(1.66 ac.ft.) = 1.0 ac.ft. = 43,560 ft.3

2. Determine the average hydraulic head, havg, corresponding to the required channel erosion
control volume.

From Example 2 - Stage - Storage Curve:  1.0 ac.ft. occurs at elevation  89.0 ft. Therefore,

havg = (89 - 81) / 2 = 4.0 ft.
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Qavg
43,560 ft 3

(24hr.) (3,600sec./hr.)
0.5 cfs

a 0.5
0.6 (2)(32.2)(4.0)

a 0.052 ft 2 ˊr 2 ˊd 2/4

d 4a
ˊ

4(0.052 ft 2)
ˊ

3. Determine the average discharge, Qavg, resulting from the 24-hour draw down requirement.

The average discharge is calculated by dividing the required volume, in ft3, by the required
time, in seconds, to find the average discharge.

From Example 2:

4. Determine the required orifice diameter by rearranging the Orifice Equation, Equation 5-6
to solve for the orifice area, in ft2, and then diameter, in ft.

Insert the values for Qavg and havg into the Rearranged Orifice Equation, Equation 5-7 to
solve for the orifice area, and then solve for the orifice diameter.

Q Ca 2gh a Q
C 2gh

       Equation 5-6       Equation 5-7
    Orifice Equation       Rearranged Orifice Equation

where: Q  =  discharge, cfs
C  =  dimensionless coefficient = 0.6
a  =  area of the orifice, ft2

g  =  gravitational acceleration, 32.2 ft/sec2

h  =  head, ft.

  From Example 2:

For orifice area:

For orifice diameter:

d = orifice diameter = 0.257 ft = 3.09 inches
Use 3.0-inch diameter channel erosion extended detention orifice
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The use of Method 1, utilizing the maximum hydraulic head and a routing of the 1-year storm is
illustrated in Chapter 6: Example 6.2.  Methd 1 results in a 3.7" diameter orifice and a routed water
surface elevation of 88.69 ft.  Additional storms to may be “stacked” just above this volume if
additional controls are desired.

5-7   MULTI-STAGE RISER DESIGN

A principal spillway system that controls the rate of discharge from a stormwater facility will often
use a multi-stage riser for the drop inlet structure.

A multi-stage riser is a structure that incorporates separate openings or devices at different
elevations to control the rate of discharge from a stormwater basin during multiple design storms.
Permanent multi-stage risers are typically constructed of concrete to help increase their life
expectancy; they can be precast or cast-in-place.  The geometry of risers will vary from basin to
basin.  The engineer can be creative to provide the most economical and hydraulically efficient riser
design possible.  Figure 3-02.1 in Chapter 3 provides some examples of multi-stage riser structures.

In a stormwater management basin design, the multi-stage riser is of utmost importance since it
controls the design water surface elevations. In designing the multi-stage riser, many iterative
routings are usually required to arrive at a minimum structure size and storage volume that provides
proper control.  Each iterative routing requires that the facility’s size (stage-storage curve) and
outlet shape (stage-discharge table or rating curve) be designed and tested for performance. Prior
to final design, it is helpful to approximate the required storage volume and outlet shape using one
of the “shortcut” methods, as described in Section 5-4. In doing this, the number of iterations may
be reduced. The following procedures outline methods for approximating and then completing the
design of a riser structure.  (These design procedures are illustrated in the examples found in
Chapter 6.)

Information needed:

1. The  hydrology for the watershed or drainage area to be controlled, calculated by using one
of the methods outlined in Chapter 4, and 

2. The allowable release rates for the facility, as established by ordinance or downstream
conditions.

The design procedure provided here will incorporate the traditional 2-year and 10-year design
storms and the pre-developed hydrology will establish the allowable discharge rates of the
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Procedure:

developed watershed. It should be noted that any design storm, 1-year, 5-year, etc., can be
substituted into this design procedure, as required.

STEP 1 Determine Water Quality or Extended Detention Requirements

Calculate the water quality volume and decide what method (extended-detention or retention) will
be used to treat it, and/or calculate the channel erosion control volume for extended-detention, if
required. (Virginia’s Stormwater Management Regulations state that the water quality volume is
equal to the first 0.5 inch of runoff multiplied by the total impervious area of the land
development project, and that the channel erosion control volume for extended detention is
the runoff generated by the site during the 1-year frequency storm.)

a. Water Quality Extended-Detention Basin:  The water quality volume must be detained and released
over 30-hours.  The established pollutant removal efficiency is based on a 30-hour drawdown. 

b. Water Quality Retention  Basin:  The volume of the permanent pool is established by the site
impervious cover or the desired pollutant removal efficiency.

c. Channel Erosion Control Extended-Detention Basin: The channel erosion control volume must be
detained and released over 24 hours.

Refer to Chapter 3 for minimum BMP design standards and details.

STEP 2 Compute Allowable Release Rates

Compute the pre- and post-developed hydrology for the watershed.  Sometimes, the pre-developed
hydrology will establish the allowable release rate from the basin.  Other times, the release rate will
be established by downstream conditions.  In either case, the post-developed hydrology will provide
the peak inflow into the basin, as a peak rate (cfs) or a runoff hydrograph.  Refer to Section  5-3,
Allowable Release Rates.

STEP 3  Estimate the Required Storage Volume

Estimate the storage volume required using one of the “shortcut” volume estimate methods
described in Section 5-4.  The information required includes the developed condition peak rate of
runoff, or runoff hydrograph, and the allowable release rates for each of the appropriate design
storms. 
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STEP 4 Grade the Basin; Create Stage-Storage Curve

After considering the site geometry and topography, select a location for the proposed stormwater
management basin. By trial and error, size the basin such that it will hold the approximate required
storage volume. Ensure that the storage volume is measured from the lowest stage outlet. (Note: the
storage volume can be computed by planimetering the contours and creating a stage-storage
relationship as described in Section 5-5.)  Remember that this is a preliminary sizing which needs
to be fine-tuned during the final design. 

STEP 5a  Design Water Quality Orifice (Extended-Detention)

The procedure for sizing the water quality orifice for an extended-detention basin is covered in
Section 5-6.2 of this chapter.  Using either Method 1 or Method 2, the designer establishes the size
of the water quality or stream channel erosion control orifice and the design maximum water surface
elevation.

The lowest stage outlet of an extended-detention basin is the invert of the extended-detention (or
water quality) orifice,  which corresponds to zero storage.  Section 5-6.2 provides a detailed
discussion for sizing the water quality orifice and Chapter 6 gives examples of the calculation
procedure.

STEP 5b   Set Permanent Pool Volume (Retention)

In a retention pond, the permanent pool volume, from STEP 1, establishes the lowest stage outlet
for the riser structure (not including a pond drain, if provided). The permanent pool elevation,
therefore, corresponds to “0” storage for the design of the “dry” storage volume stacked on top of
the permanent pool.

STEP 6   Size 2-Year Control Orifice

(The 2-year storm is used here to show the design procedure. Other design storms or release
requirements can be substituted into the procedure.)

Knowing the 2-year storm storage requirement, from design STEP 3, and the water quality volume,
from design STEP 1, the engineer can do a preliminary design for the 2-year release opening in the
multi-stage riser.  To complete the design, some iterations may be required to meet the allowable
release rate performance criteria.  This procedure is very similar to the water quality orifice sizing
calculations:

1. Approximate the 2-year maximum head,  .h2max

Establish the approximate elevation of the 2-year maximum water surface elevation using the stage-
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storage curve and the preliminary sizing calculations. Subtract the water quality volume elevation
from the approximate 2-year maximum water surface elevation to find the 2-year maximum head,

.  If there are no water quality requirements, use the elevation of the basin bottom or invert.h2max

2. Determine the maximum allowable 2-year discharge rate,  , from STEP 2.Q2allowable

3. Calculate the size of the 2-year control release orifice using the Rearranged Orifice
Equation, Equation 5-7 and solve for the area, a, in ft2.

The engineer may choose to use any one of a variety of orifice shapes or geometries.  Regardless
of the selection, the orifice will initially act as a weir until the top of the orifice is submerged.
Therefore, the discharges for the first stages of flow are calculated using the weir equation:

Qw = Cw L h1.5

Equation 5-8
Weir Equation

where: Qw  =  weir flow discharge, cfs
Cw   =  dimensionless weir flow coefficient, typically equal to 3.1 

for sharp crested weirs.  Refer to Table 5-8.
L  =  length of weir crest, ft.
h  =  head, ft., measured from the water surface elevation to the 

crest of the weir

Flow through the rectangular opening will transition from weir flow to orifice flow once the water surface has
risen above the top of the opening. This orifice flow is expressed by the orifice equation. The area, a, of a
rectangular orifice is written as a = L x H,

where: L  =  length of opening, ft.
H =  height of opening, ft.

Figure 5-12 shows a rectangular orifice acting as a weir at the lower stages and as an orifice after the water
surface rises to height H, the height of the opening.

4. Develop the stage-storage-discharge relationship for the 2-year storm. 

Calculate the discharge using the orifice equation and, if a rectangular opening is used, the weir
equation as needed for each elevation specified on the stage-storage curve.  Record the discharge
on a Stage-Storage-Discharge Worksheet.  Figure 5-13 shows a completed Stage-Storage-Discharge
Worksheet for Example 2.  A blank worksheet is provided in Appendix 5D.
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FIGURE 5 - 12
Weir and Orifice Flow

STEP 7 Check Performance of 2-Year Opening

(Note:  This step may not be necessary if the design is to be completed using one of the shortcut
routing procedures where the water surface elevations are established by the required storage
volume and not by an actual routing.)

1. Check the performance of the 2-year control opening by a)  reservoir routing the 2-year storm
through the basin using an acceptable reservoir routing computer program or by b) doing the
long hand calculations outlined in Section 5-9 of this chapter. Verify that the 2-year release
rate is less than or equal to the allowable release rate.  If not, reduce the size of the opening
or provide additional storage and repeat STEP 6.

This procedure presents just one of many riser configurations.  The engineer may choose to use any
type of opening geometry for controlling the design storms and, with experience, may come to
recognize the most efficient way to configure the riser.  Note that if a weir is chosen for the 2-year
storm control, the procedures outlined here for the 10-year storm may be used by substituting with
the appropriate values for the 2-year storm. Refer to Figure 3-02.1 for several different riser shapes.
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The 10-year control invert may be set at a small distance, such as 0.1 feet minimum,
above the 2-year maximum water surface elevation.  If the 2-year orifice is also to be
used for the 10-year control, the head is measured from the maximum water surface
elevation to the centerline of the 2-year orifice.  See Figure 5-14.                             

STEP 8    Size 10-Year Control Opening

The design of the 10-year storm control opening is similar to the procedure used in sizing the 2-year
control opening:

1. From the routing results, identify the exact 2-year water surface elevation.

2. Set the invert of the 10-year control just above the 2-year design water surface elevation and
determine the corresponding storage volume from the stage-storage curve. Add this elevation,
storage, and 2-year discharge to the stage-storage-discharge worksheet, Figure 5-13.

3. Establish the approximate 10-year maximum water surface elevation using the stage-storage
curve and the preliminary sizing calculations. Subtract the invert elevation of the 10-year
control (from Step 2 above) from the approximate 10-year maximum water surface elevation
to find the 10-year maximum head, .h10max

4. Determine the  maximum allowable 10-year discharge rate, , from STEP 2.Q10allowable

5. Calculate the required size of the 10-year release opening.  The engineer may choose between
a circular and rectangular orifice, or a weir.  If a weir is chosen, the weir flow equation can
be rearranged to solve for L as follows.

                              QW = CW L h1.5            L =  / CW h1.5                                                                             Q10allowable

                             Equation  5-8                            Equation  5-9
Weir Equation                  Rearranged Weir Equation

Where: L  =  length of weir required, ft.
CW  =  dimensionless weir flow coefficient, see Table 5-8

  =  10-year allowable riser weir discharge, cfsQ10allowableh  =  hydraulic head; water surface elevation minus the weir crest elevation

6. Develop the stage-storage-discharge relationship for the 10-year storm. Calculate the
discharge for each elevation specified on the stage-storage curve, and record the discharge
on a Stage-Storage-Discharge Worksheet, as shown in Figure 5-13.
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Any  weir length lost to the trash rack or debris catcher must be accounted for. 
See Chapter 3 for Trash Rack Specifications and example riser configurations.

TABLE  5 - 8
Weir Flow Coefficients

WEIR FLOW COEFFICIENTS, C

Measured head, h,
( ft.)

Breadth of weir crest
(ft.)

0.50 0.75 1.00

0.2
0.4
0.6
0.8
1.0

1.2
1.4
1.6
1.8
2.0

3.0
4.0
5.0

2.80
2.92
3.08
3.30
3.32

3.32
3.32
3.32
3.32
3.32

3.32
3.32
3.32

2.75
2.80
2.89
3.04
3.14

3.20
3.26
3.29
3.32
3.32

3.32
3.32
3.32

2.69
2.72
2.75
2.85
2.98

3.08
3.20
3.28
3.31
3.30

3.32
3.32
3.32

Source: Kings Handbook of Hydraulics

STEP 9 Check  Performance of 10-Year Opening

(Note:  This step may not be necessary if the design is to be completed using one of the short-cut
routing procedures where the water surface elevations are established by the required storage
volume and not by an actual routing.)
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Check the performance of the 10-year control opening by a)  reservoir routing the 2-year and 10-
year storms through the basin using an acceptable reservoir routing computer program (see
Appendix) or by  b) doing the long hand calculations outlined in Section 5-9. Verify that the 10-
year release rate is less than or equal to the allowable release rate.  If not, reduce the size of the
opening and/or provide additional storage and repeat STEP 8.

STEP 10   Perform Hydraulic Analysis

At this point, several iterations may be required to calibrate and optimize the hydraulics of the riser
and the riser and barrel system.  Drop inlet spillways should be designed so that full flow is
established in the outlet conduit and riser at the lowest head over the riser crest as is practical.  Also,
the structure should operate without excessive surging, noise, vibration, or vortex action at any
stage.  This requires the riser to have a larger cross-sectional area than the outlet conduit. 

As the water passes over the rim of the riser, the riser acts as a weir (Figure 5-15a); this discharge
is described as riser weir flow control.  However, when the water surface reaches a certain height
over the rim of the riser, the riser will begin to act as a submerged orifice (Figure 5-15b); such
discharge is called riser orifice flow control.  The engineer must compute the elevation at which this
transition from riser weir flow control to riser orifice flow control takes place.  (This transition
usually occurs during high hydraulic head conditions, such as between the 10-yr. and 100-yr. design
high water elevations.)

Note in Figure 5-15a & b that the riser crest controls the flow, not the barrel.  Thus, either condition
can be described as riser flow control. Figure 5-15c & d illustrates barrel flow control.  Barrel
flow control occurs when the barrel controls the flow at the upstream entrance to the barrel (barrel
inlet flow control, Figure 5-15c), or along the barrel length (barrel pipe flow control, Figure 5-15d).

Barrel flow control conditions illustrated in Figure 5-15c & d are desirable because they reduce or
even eliminate cavitation forces, or surging and vibration (as described above), in the riser and barrel
system.   Cavitation forces in the riser and barrel system can greatly reduce the design flow capacity
of the system.  Cavitation forces may also cause vibrations that can damage the riser (especially
corrugated metal risers) and the connection between the riser and barrel.  This connection may crack
and lose its watertight seal.  Additionally, if a concrete riser is excessively tall with a minimum
amount of the riser secured in the embankment, the cavitation forces may cause the riser to rock on
its foundation, risking possible structural failure.

The surging, vibrations, and other cavitation forces result when the riser is restricting flow to the
barrel such that the riser is flowing full and the barrel is not flowing full.  This condition occurs
when the flow through the riser structure transitions from riser weir flow control to riser orifice flow
control before the barrel controls.  Therefore, the barrel and riser system should be designed so that
as the storm continues and the hydraulic head on the riser increases, the barrel controls the flow
before the riser transitions from riser weir flow control to riser orifice flow control.  This can
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be accomplished by checking the flow rates for the riser weir, riser orifice, and barrel inlet and outlet
flow control at each stage of discharge.  The lowest discharge for any given stage will be the
controlling flow.

The following procedures are for designing and checking riser and barrel system hydraulics.

a.  Riser Flow Control

During the design of the control orifices and riser weir, the geometry of the riser is
established.  Subsequently, the riser must be checked to determine at what stage  it transitions
from riser weir to riser orifice flow control.  The riser weir controls the flow initially, and then
as the water rises, the top of the riser acts as a submerged horizontal orifice.  Thus, the flow
transitions from riser weir flow control to riser orifice flow control as the water in the basin
rises.  The flow capacity of the riser weir is determined using the Weir Equation, Equation
5-8, and the flow capacity of the riser orifice is determined using the Orifice Equation,
Equation 5-6, for each elevation. The smaller of the two flows for any given elevation is
the controlling flow.

1. Calculate the flow, in cfs, over the riser weir using the standard Weir Equation, Equation 5-8,
for each elevation specified on the Stage-Storage-Discharge Worksheet, Figure 5-13.  Record
the flows on the worksheet.

The weir length, L, is the circumference or length of the riser structure, measured at the crest,
less any support posts or trash rack.  The head is measured from the water surface elevation
to the crest of the riser structure (refer to Figure 5-14).

2. Calculate the flow, in cfs, through the riser structure using the standard Orifice Equation,
Equation 5-6, for each elevation specified on the Stage-Storage-Discharge Worksheet, Figure
5-13.  Record the flows on the worksheet. 

The Orifice flow area, a, is measured from the inside dimensions of the riser structure. The
head is measured from the water surface elevation to the elevation of the orifice centerline,
or, since the orifice is horizontal, to the elevation of the riser crest.

3. Compare the riser weir flow discharges to the riser orifice flow discharges. The smaller of the
two discharges is the controlling flow for any given stage.

b.  Barrel Flow Control

Two types of barrel flow exist: 1) barrel flow with inlet control, as shown in Figure 5-15c,
and 2) barrel flow with outlet, or pipe flow control, as shown in Figure 5-15d. For both
types, different factors and formulas are used to compute the hydraulic capacity of the barrel.
During barrel inlet flow control, the diameter of the barrel, amount of head acting on the
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The inlet control nomographs are not truly representative of barrel inlet flow.  These nomographs
should be used carefully and with the understanding that they were developed to predict flow
through highway culverts operating under inlet control.  However, depending on the size
relationship between the riser and outlet conduit, the inlet control nomograph may provide a

barrel, and the barrel entrance shape play a part in controlling the flow.  For barrel outlet, or
pipe flow, control, consideration is given to the length, slope, and roughness of the barrel, and
the elevation of the tailwater, if any, in the outlet channel.

1. Barrel Inlet Flow Control

Barrel inlet flow control means that the capacity of the barrel is controlled at the barrel
entrance by the depth of headwater and the barrel entrance, which is acting as a submerged
orifice.  The flow through the barrel entrance can be calculated using the Orifice Equation,
Equation 5-6, or by simply using the Pipe Flow Nomograph shown in Figure 5-16.  This
nomograph provides stage-discharge relationships for concrete culverts of various sizes.
[Additional nomographs for other pipe materials and geometrics are available; refer to the
U.S. Bureau of Public Roads (BPR) Hydraulic Engineering Circular (H.E.C.) 5.]  The
headwater, or depth of ponding, is the vertical distance measured from the water surface
elevation to the invert at the entrance to the barrel. Refer to Figure 5-16 for ratios of
headwater to pipe diameter, or HW/D.  This nomograph, based on the orifice equation,
provides flow rates for three possible hydraulic entrance shapes, as shown in Figure 5-17.
During barrel inlet flow control, neither the barrel’s length nor its outlet conditions are factors
in determining the barrel’s capacity.  Note that when the HW/D design values exceed the chart
values, the designer may use the orifice equation (Equation 5-6) to solve for the flow rate.

The following procedure outlines the steps to calculate the discharge during barrel inlet flow control
conditions:

1. Determine the entrance condition of the barrel (see Figure 5-17).

2. Determine the headwater to pipe diameter ratio (HW/D) for each elevation specified on
the stage-storage-discharge worksheet. Headwater is measured from the water surface
elevation to the upstream invert of the barrel (see Figures 5-14 and 5-18).

3. Determine the discharge, Q, in cfs, using the inlet control nomograph for circular
concrete pipe presented in Figure 5-16 (or the BPR H.E.C. 5 pipe flow nomographs for
other pipe materials), or the Orifice Equation, Equation 5-6 (for HW/D values which
exceed the range of the nomographs) for each elevation specified on the Stage-Storage-
Discharge Worksheet.  Enter the values on the worksheet.
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Q a 2gh
1 Km KpL

2.  Barrel Outlet Flow Control  

Barrels flowing under outlet or pipe flow control experience full flow for all or part of the
barrel length, as shown in Figure 5-15d.

The general pipe flow equation is derived by using the Bernouli and Continuity Principles and is
simplified to:

Equation 5 - 10
Pipe Flow Control Equation

Where: Q  =  discharge, cfs
a  =  flow area of the barrel, ft2

g  =  acceleration due to gravity, ft./sec2

h  =  elevation head differential, ft., see Figure 5-18 
Km  =  coefficient of minor losses: Ke + Kb
Ke  =  entrance loss coefficient, see Table 5-9
Kb  =  bend loss coefficient, typically = 0.5 for riser and barrel system
Kp  =  coefficient of pipe friction, see Table 5-10

l  =  length of the barrel, ft.

This equation is derived and further explained in the SCS’s Engineering Field Manual, Chapter 3.

The following procedure outlines the steps to check for barrel outlet control:

1. Determine the discharge for each elevation specified in the stage-storage-discharge table using the
general Pipe Flow Equation, Equation 5-10.

2. Record the discharge on the stage-storage-discharge worksheet, Figure 5-13.

3. Compare the barrel inlet flow control discharges with the barrel outlet flow control discharges. The
smaller of the two discharges is the controlling flow for any given stage.

STEP 11   Size 100-Year Release Opening or Emergency Spillway

It is recommended that all stormwater impoundment structures have a vegetated emergency
spillway, if possible.  This provides a degree of safety to prevent overtopping of the embankment
if the principal spillway should become clogged, or otherwise inoperative.   If an emergency
spillway is not practical due to site constraints, the 100-year storm must be routed through the
riser and barrel system.
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A distance of 0.1 feet, minimum, is recommended between the 10-year
high water mark and the invert of the emergency spillway.

100-Year Release Opening

The design procedure for sizing the 100-year release opening is the same as that of the 10-year
design, except that the 100-year storm values are used instead of the 10-year values.  

Emergency Spillway

Refer to Minimum Standard 3.03, Vegetated Emergency Spillway in Chapter 3 for location and
design requirements of an emergency spillway and to Section 5-8 in this chapter for the design
procedure.  An emergency spillway is a broad crested weir.  It can act as a control structure by
restricting the release of flow, or it can be used to safely pass the 100-year storm flow with a
minimum of storage.  The impact of the 100-year storm on the required storage is lessened by using
an emergency spillway due to the spillway’s ability to pass significant volumes of flow with little
head. If an emergency spillway is not used, additional storage may be needed since the riser and
barrel will usually pass only a small portion of the 100-year inflow. This remains true unless the
riser and barrel are sized for the 100-year storm, in which case they will be oversized for the 2- and
10-year storms. 

The following procedure can be used to design an emergency spillway that will safely pass, or
control, the rate of discharge from the 100-year storm.

1.  Identify the 10-year maximum water surface elevation based on the routing from STEP 9.  This
elevation will be used to establish the elevation of the 100-year release structure. 

2. Determine the storage volume that corresponds to the 100-year control elevation from the stage-storage
curve.  Add this elevation, storage, and appropriate storm discharges to the Stage-Storage-Discharge
Worksheet.

3. Set the invert of the emergency spillway at the 10-year high water elevation.

4. Determine the 100-year developed inflow from the hydrology.  

5. Using the design procedure provided in Chapter 5-8, determine the required bottom width
of the spillway, the length of the spillway level section, and the depth of flow through the
spillway that adequately passes the 100-year storm within the available free board.  The
minimum free board required is 1 foot from the 100-year water surface elevation to the settled
top of embankment.

6. Develop the stage-storage-discharge relationship for the 100-year storm. Calculate the
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discharge for each elevation specified on the stage-storage curve and record the discharge on
the Stage-Storage-Discharge Worksheet, Figure 5-13.  If a release rate is specified, then the
TR-55 shortcut method can be used to calculate the approximate storage volume requirement.
If a fixed storage volume is available, the same shortcut method can be used to decide what
the discharge must be to ensure that the available storage is not exceeded. Refer to TR-55.

STEP 12   Calculate Total Discharge and Check  Performance of 100-Year Control Opening

1. Calculate total discharge.

The stage-storage-discharge table is now complete and the total discharge from the riser and
barrel system and emergency spillway can be determined.  The designer should verify  that
the barrel flow controls before the riser  transitions from riser weir flow control to riser orifice
flow control.

The combined flows from the water quality orifice, the 2-year opening, the 10-year opening,
and the riser will, at some point, exceed the capacity of the barrel. At this water surface
elevation and discharge, the system transitions from riser flow control to barrel flow control.
The total discharge for each elevation is simply the sum of the flows through the control
orifices of the riser, or the controlling flow through the barrel and riser, whichever is less.

In Chapter 6, the examples contain completed Stage-Storage-Discharge Worksheets.  Notice
that the flows that do not control are crossed out.  The controlling flows are then summed in
the total flow column to provide the total stage-storage-discharge relationship of the basin.

2. Check the performance of the 100-year control by a)  reservoir routing the 2-year, 10-year,
and 100-year storms through the basin using an acceptable reservoir routing computer
program or by b) doing the long hand calculations outlined in Section  5-9. Verify that the
design storm release rates are less than or equal to the allowable release rates, and that
the 100-year design high water is:  

a. at least 2 ft. lower than the settled top of embankment elevation if an emergency spillway is
NOT used, or

b. at least 1 ft. lower than the settled top of embankment if an emergency spillway is used.

Also, the designer should verify that the release rates for each design storm are not too low,
which would result in more storage being provided than is required.
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FIGURE 5 - 13
Stage - Storage - Discharge Worksheet, Example 1
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FIGURE 5 - 14
Typical Hydraulic Head Values - Multi-Stage Riser
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FIGURE  5 - 15 a, b, c, & d
Riser Flow Diagrams

Source:  SCS Engineering Field Manual - Chapter 6
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FIGURE 5 - 16
Headwater Depth for Concrete Pipe Culverts With Inlet Control

Source: Bureau of Public Roads
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FIGURE 5 - 17
Headwater Depth Entrance Conditions

FIGURE 5 - 18
Hydraulic Head Values - Barrel Flow
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Type of Structure and Design of Entrance Coefficient Ke

Pipe, Concrete
Projecting from fill, socket end (groove end) . . . . . . . . . . . . . . . . . . 0.2
Projecting from fill, square cut end . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5
Headwall or headwall and wingwalls

Socket end of pipe (groove end) . . . . . . . . . . . . . . . . . . . . . . . 0.2
Square end . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5
Rounded (radius = 1/12D) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.2

Mitered to conform to fill slope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.7
*End-section conforming to fill slope . . . . . . . . . . . . . . . . . . . . . . . . 0.5

Pipe, or Pipe-Arch, Corrugated Metal
Projecting from fill (no headwall) . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.9
Headwall or headwall and wingwalls

Square end . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5
Mitered to conform to fill slope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.7
*End-section conforming to fill slope . . . . . . . . . . . . . . . . . . . . . . . . 0.5

*Note:  “End-section conforming to fill slope”  made of either metal or concrete, is the
section commonly available from  manufacturers.  Based on limited  hydraulic tests, it
appears to be equivalent in operation to a headwall in either  inlet or outlet control.

TABLE  5 - 9
Pipe Entrance Loss Coefficients - Ke

Source - Federal Highway Administration, Bureau of Public Roads
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TABLE 5 - 10
Head Loss Coefficients, Kp , for Circular and Square Conduits Flowing Full
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Note that this procedure is for riprap outlet protection at the
downstream end of an embankment conduit.  It DOES NOT apply to
continuous rock linings of channels or streams. Refer to Figure 5 -19.

Outflows from stormwater management facilities must be discharged to an
adequate channel. Basins discharging onto a flat area with no defined channel
will usually require a channel to be provided which can convey the design flows.

STEP 13 Design Outlet Protection

With the total discharge known for the full range of design storms, adequate outlet protection can
now  be designed. Protection is necessary to prevent scouring at the outlet and to help reduce the
potential for downstream erosion by reducing the velocity and energy of the concentrated discharge.
The most common form of outlet protection is a riprap-lined apron, constructed at zero grade for a
specified distance, as determined by the outlet flow rate and tailwater elevation. The design
procedure follows:

1. Determine the tailwater depth, for the appropriate design storm, immediately below the
discharge pipe.

Typically, the discharge pipe from a stormwater management facility is sized to carry the allowable
discharge from the 10-year frequency design storm. Manning’s equation can be used to find the
water surface elevation in the receiving channel for the 10-year storm, which represents the tailwater
elevation.  If the tailwater depth is less than half the outlet pipe diameter, it is called a minimum
tailwater condition. If the tailwater depth is greater than half the outlet pipe diameter, it is called a
maximum tailwater condition. Stormwater basins that discharge onto flat areas with no defined
channel may be assumed to have a minimum tailwater condition.

2. Determine the required riprap size, D50, and apron length, La.

Enter the appropriate figure, either Figure 5-20: Minimum Tailwater Condition, or Figure
5-21: Maximum Tailwater Condition, with the design discharge of the pipe spillway to read the
required apron length, Ls. (The apron length should not be less than 10 feet.)

3. Determine the required riprap apron width, W.

When the pipe discharges directly into a well-defined channel, the apron shall extend across the
channel bottom and up the channel banks to an elevation 1 foot above the maximum tailwater depth
or the top of  bank, whichever is less.



ENGINEERING CALCULATIONS CHAPTER 5

5-62

If the pipe discharges onto a flat area with no defined channel, the width of the apron shall be
determined as follows:

a. The upstream end of the apron, next to the pipe, shall be 3 times wider than the diameter of
the outlet pipe.

b. For a minimum tailwater condition, the width of  the apron’s downstream end shall equal the
pipe diameter plus the length of the apron.

c. For a maximum tailwater condition, the width of the apron’s downstream end shall equal the
pipe diameter plus 0.4 times the length of the apron.

Using the same figure as in Step 2, above, determine the D50 riprap size and select the appropriate
class of riprap, as shown in Table 5-11. Values falling between the table values should be rounded
up to the next class size.

4. Determine the required depth of the rip rap blanket.

The depth of the rip rap blanket is approximated as: 2.25 x D50

Additional design considerations and specifications can be found in Minimum Standard 3.02,
Principal Spillway  and Std. and Spec. 3.18 and 3.19 of the Virginia Erosion and Sediment Control
Handbook, 1992 edition.

TABLE  5 - 11
Graded Riprap Design Values

Riprap
Class

D15
Weight
(lbs.)

Mean D15
Spherical
Diameter

(ft.)

Mean D50
Spherical
Diameter

(ft.)

  Class AI
  Class I
  Class II
  Class III
  Type I
  Type I

      25
      50
    150
    500
1,500
6,000

0.7
0.8
1.3
1.9
2.6
4.0

0.9
1.1
1.6
2.2
2.8
4.5

Source: VDOT Drainage Manual
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FIGURE 5 - 19
Outlet Protection Detail



ENGINEERING CALCULATIONS CHAPTER 5

5-64

FIGURE 5 - 20
Minimum Tailwater Condition
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FIGURE 5 - 21
Maximum Tailwater Condition
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STEP 14 Perform Buoyancy Calculation

The design of a multi-stage riser structure must include a buoyancy analysis for the riser and footing.
When the ground is saturated and ponded runoff is at an elevation higher than the footing of the riser
structure, the riser structure acts like a vessel.  During this time, the riser is  subject to uplifting,
buoyant forces that are relative in strength to the volume of water displaced.  Flotation will occur
when the weight of the structure is less than or equal to the buoyant force exerted by the
water. Flotation forces on the riser can lead to failure of the connection between the riser structure
and barrel, and any other rigid connections.  Eventually, this can also lead to the failure of the
embankment.

A buoyancy calculation is the summation of all forces acting on the riser. The upward force is the
weight of the water, or 62.4 lb/ft3. The downward force includes the weight of the riser structure, any
components, such as trash racks, and the weight of the soil above the footing. Note that conventional
reinforced concrete weighs about 150 lb/ft3 and the unit weight of soil is approximately 120 lb/ft3 .
The weight of components such as trash racks, anti-vortex devices, hoods, etc. is very specific to
each structure and, depending upon the design, may or may not be significant in comparison to the
other forces.  If an extended base footing is used below the ground surface to support the control
structure, then the weight of the soil above the footing may also be a significant force.

The outlet pipe is excluded from the buoyancy analysis for the control structure. However, the barrel
should be analyzed separately to insure that it is not subject to flotation.  The method used to attach
the control structure to the outlet pipe is considered to have no bearing on the potential for these
components to float.

The following procedure compares  the upward force (buoyant force) to the downward force
(structure weight). To maintain adequate stability, the downward force should be a minimum of
1.25 times the upward force.

1. Determine the buoyant force.

The buoyant force is the total volume of the riser structure and base, using outside dimensions (i.e.,
the total volume displacement of the riser structure) multiplied by the unit weight of water (62.4
lb/ft3).

2. Determine the downward or resisting force.

The downward force is the total volume of the riser walls below the crest, including any top slab,
footing, etc., less the openings for any pipe connections, multiplied by the unit weight of reinforced
concrete (150 lb/ft3). Additional downward forces from any components may also be added,
including the weight of the soil above the extended footing.

3. Decide if the downward force is greater than the buoyant force by a factor of 1.25 or more.
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If the downward force is not greater than the buoyant force by a factor of 1.25 or more, then
additional weight must be added to the structure. This can be done by sinking the riser footing
deeper into the ground and adding concrete to the base. Note that this will also increase the buoyant
force, but since the unit weight of concrete is more than twice that of water, the net result will be an
increase in the downward force. The downward and buoyant forces should be adjusted accordingly,
and step 3 repeated.

STEP 15 Provide Seepage Control

Seepage control should be provided for the pipe through the embankment. The two most common
devices for controlling seepage are 1) filter and drainage diaphragms and 2) anti-seep collars. The
use of these devices is discussed in detail in Minimum Standard 3.02, Principal Spillway.  Note that
filter and drainage diaphragms are preferred over anti-seep collars for controlling seepage along pipe
conduits.

a. Filter & Drainage Diaphragms

The design of filter and drainage diaphragms depends on the foundation and embankment soils and is outside
the scope of this manual. When filter and drainage diaphragms are warranted, their design and construction
should be supervised by a registered professional engineer. Design criteria and construction procedures for
filter and drainage diaphragms can be found in the following references:

•  USDA SCS TR-60

•  USDA SCS Soil Mechanics Note No. 1: Guide for Determining the Gradation of Sand
   and Gravel Filters*

•  USDA SCS Soil Mechanics Note No. 3: Soil Mechanics Consideration for Embankment Drains*

•  U.S. Department of the Interior ACER Technical Memorandum No. 9: Guidelines for 
Controlling Seepage Along Conduits Through Embankments

* These publications include design procedures and examples and are provided in Appendix 5B.

b. Anti-Seep Collars

The Bureau of Reclamation, the U.S. Army Corps of Engineers and the Soil Conservation Service
no longer recommend the use of anti-seep collars.  In 1987, the Bureau of Reclamation issued
Technical Memorandum No. 9 that states:

            “When a conduit is selected for a waterway through an earth or rockfill embankment,
 cutoff [anti-seep]collars will not be selected as the seepage control measure.”
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                                            S
  Ls = Y (Z + 4)  1 +   0.25 - S

Alternative measures to anti-seep collars include graded filters (or filter diaphragms) and drainage
blankets.  These devices are not only less complicated and more cost-effective to construct than
cutoff collars, but also allow for easier placement of the embankment fill.  Despite this information,
anti-seep collars may be appropriate for certain situations.  A  design procedure is provided below.
Criteria for the use and placement of anti-seep collars are presented in Minimum Standard 3.02,
Principal Spillway.

1. Determine the length of the barrel within the saturated zone using the following equation:

Equation  5 - 11
Barrel Length in Saturated Zone

Where: Ls  =  length of the barrel in the saturated zone, ft.
Y  =  the depth of water at the principal spillway crest (10-year

frequency storm water surface elevation), ft.
Z  =  slope of the upstream face of the embankment, in Z ft. horizontal

to 1 ft. vertical (Z ft. H:1V).
S  =  slope of the barrel, in feet per foot.

The length of pipe within the saturated zone can also be determined graphically on a scale
profile of the embankment and barrel. The saturated zone of the embankment can be
approximated as follows: starting at a point where the 10-year storm water surface elevation
intersects the embankment slope, extend a line at a 4H:1V slope downward until it intersects the
barrel. The area under this line represents the theoretical zone of saturation (refer to Figure 5-
22).

2. Determine the length required by multiplying 15% times the seepage length: 0.15 Ls . The
increase in seepage length represents the total collar projection. This can be provided for by
one or multiple collars.

3. Choose a collar size that is at least 4 feet larger than the barrel diameter (2 feet above and 2
feet below the barrel). For example, a 7-feet square collar would be selected for a 36-inch
diameter barrel.

4. Determine the collar projection by subtracting the pipe diameter from the collar size.

5. Determine the number of collars required. The number of collars is found by dividing the
seepage length increase, found in Step 2, by the collar projection from Step 4.  To reduce the
number of collars required, the collar size can be increased.  Alternatively,  the collar size can
be decreased by providing more collars.
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FIGURE 5 - 22
Phreatic Line Graphical Determination
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SUMMARY
MULTI-STAGE RISER DESIGN PROCEDURE

STEP  1: Determine Water  Quality  Volume Requirements
a.  Extended-Detention
b.  Retention

STEP  2: Compute Allowable Release Rates

STEP  3: Estimate the Required Storage Volume

STEP  4: Grade the Basin; Create Stage-Storage Curve 

STEP  5a: Design Water Quality Orifice (Extended-Detention)

STEP  5b: Set Permanent Pool Volume (Retention)

STEP  6: Size 2-Year Control Orifice

STEP  7: Check  Performance of 2-Year Opening

STEP  8: Size 10-Year Control Opening

STEP  9: Check  Performance of 10-Year Opening

STEP  10: Perform Hydraulic Analysis
a.   Riser Flow Control
b.   Barrel Flow Control
     1.   Barrel Inlet Flow Control
     2.   Barrel Outlet Flow Control

STEP  11: Size 100-Year  Release Opening or Emergency Spillway 

STEP  12: Calculate Total Discharge and Check  Performance of 100-Year Control Opening

STEP  13: Design Outlet Protection

STEP  14: Perform Buoyancy Calculation

STEP  15: Provide Seepage Control
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The design maximum water surface elevations for the emergency spillway should
be at least 1 foot lower than the settled top of the embankment. Refer  to Minimum
Standard 3.03, Vegetated Emergency Spillways.              

Procedure 1:

5-8   EMERGENCY SPILLWAY DESIGN

A vegetated emergency spillway is designed to convey a predetermined design flood volume without
excessive velocities and without overtopping the embankment.

Two design methods are presented here.  The first (Procedure 1) is a conservative design procedure
which is also found in The Virginia Erosion & Sediment Control Handbook, 1992 edition, Std. &
Spec. 3.14.  This procedure is typically acceptable for stormwater management basins.  The second
method (Procedure 2) utilizes the roughness, or retardance, and durability of the vegetation and soils
within the vegetated spillway.  This second design is appropriate for larger or regional stormwater
facilities where construction inspection and permanent maintenance are more readily enforced.
These larger facilities typically control relatively large watersheds and are located such that the
stability of the emergency spillway is essential to safeguard downstream features.

The following design procedures establish a stage-discharge relationship (Hp versus Q) for a
vegetated emergency spillway serving a stormwater management basin (refer to Figure 5-23).

The information required for these designs includes the determination of the hydrology for the
watershed draining to the basin.  Any of the methods, as outlined in Chapter 4, may be used.  The
design should include calculations for the allowable release rate from the basin if the spillway is to
be used to control a design frequency storm.  Otherwise, the design peak flow rate should be
calculated based on the spillway design flood, or downstream conditions. 

(In general, a vegetated emergency spillway should not be used as an outlet for any storm less than
the 100-year frequency storm, unless it is armored with a non-erodible material.  The designer must
consider the depth of the riprap blanket when riprap is used to armor the spillway.  As noted
previously, Class I riprap would require a blanket thickness or stone depth of 30" which may add
considerable height to the embankment.) 

1. Determine the design peak rate of inflow from the spillway design flood into the basin using
the developed condition hydrology or determine the allowable design peak release rate, Q,
from the basin based on downstream conditions or watershed requirements.

2. Estimate the maximum water surface elevation and calculate the maximum flow through the
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riser and barrel system at this elevation (refer to the stage-storage-discharge table).  Subtract
this flow volume from the design peak rate of inflow to determine the desired maximum
spillway design discharge.

3. Determine the crest elevation of the emergency spillway.  This is usually a small increment
(0.1 feet) above the design high water elevation of the next smaller storm, typically the 10-year
frequency storm.

4. Enter Table 5-12 with the maximum Hp value (maximum design water surface elevation from
Step 2, less the crest elevation of the emergency spillway), and read across for the desired
maximum spillway design discharge (from Step 2 above). Read the design bottom width of the
emergency spillway (in feet) at the top of the table, and verify the minimum exit slope (s) and
length (x), or;

If a maximum bottom width (b) is known due to grading or topographic constraints, enter
Table 5-12 at the top with the desired bottom width and read down to find the desired
discharge, Q, and then read across to the left to determine the required flow depth, Hp.

5. Add the appropriate Hp and discharge Q values to the stage-storage-discharge table.

Example Procedure 1:

Given: Q  = 250 cfs  (determined from post-developed condition hydrology)
so  =  4% (slope of exit channel)
L  =  50 ft.(length of level section)

Find: Width of spillway, b, velocity, v, and depth of water above the spillway crest, Hp.

Solution: Complete Steps 1 through 5 of design Procedure 1 for vegetated emergency spillways
by using the given information as follows:

1. Peak rate of inflow: given Q = 250 cfs.

2. The flow through the riser and barrel at the estimated maximum water surface elevation is
calculated to be 163 cfs.  The desired maximum spillway design discharge is 250 cfs - 163 cfs
= 87 cfs, at a Hp value of 1.3 ft.

3. Emergency spillway excavated into undisturbed material. The slope of the exit channel and
length and elevation of level section: given, so = 4%, L = 50 ft., elevation = 100.0' (given).

4. Enter Table 5-12 with the desired Hp value of 1.3 ft. And read across to 86 cfs, and read up to
a bottom width of 24 ft. at the top of the table.  The minimum exit channel slope is 2.7% which
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Procedure 2:

Q(cfs)
q(cfs/ft)

ft.

is less than the 4% provided, and the length of exit channel is required to be 63 ft.  The velocity
within the exit channel is 4.7 ft/s at an exit channel slope of 2.7%.  Since the provided exit
channel slope is 4.0%, erosive velocities may warrant special treatment of the exit channel.

5. Add the elevation corresponding to 1.3 ft. above the crest of the emergency spillway to the
Stage-Storage-Discharge Worksheet.

1. Determine the design peak rate of inflow from the spillway design flood into the basin, using
the developed condition hydrology, or determine the allowable design peak release rate , Q,
from the basin based on downstream conditions or watershed requirements.

2. Estimate the maximum water surface elevation and calculate the associated flow through the
riser and barrel system for this elevation.  Subtract this flow value from the design peak rate
of inflow to determine the desired maximum spillway design discharge.

3. Position the emergency spillway on the basin grading plan at an embankment abutment.

4. Determine the slope, so , of the proposed exit channel, and the length, L, and elevation of the
proposed level section from the basin grading plan.

5. Classify the natural soils around the spillway as erosion resistant or easily erodible soils.

6. Determine the type and height of vegetative cover to be used to stabilize the spillway.

7. Determine the permissible velocity, v, from Table 3-03.1, based on the vegetative cover, soil
classification, and the slope of the exit channel, so .

8. Determine the retardance classification of the spillway based on the type and height of
vegetative cover from Table 3-03.2.

9. Determine the unit discharge of the spillway, q, in cfs/ft, from Table 5-13(a-d) for the selected
retardance, the maximum permissible velocity, v, and the slope of the exit channel, so .

10. Determine the required bottom width of the spillway, in ft., by dividing the allowable or design
discharge, Q , by the spillway unit discharge,  q:

11. Determine the depth of flow, Hp , upstream of the control section based on the length of the
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level section, L, from Table 5-13(a-d).

12. Enter the stage-discharge information into the stage-storage-discharge table.

The following examples use Tables 3-03.1, 3-03.2 and 5-13 to find the capacity of a vegetated
emergency spillway.

Example Procedure 2:

Given: Q  = 250 cfs  (determined from post-developed condition hydrology)
so  =  4%  (slope of exit channel)
L  =  50 ft.(length of level section)
Erosion resistant soils
Sod forming grass-legume mixture cover, 6 to 10-inch height

Find: Permissible velocity, v, width of spillway, b, depth of water above the spillway crest, Hp.

Solution: Complete Steps 1 through 12 of design Procedure 2 for vegetated emergency spillways by using
the given information as follows:

1. Peak rate of inflow: given Q = 250 cfs.

2. The flow through the riser and barrel at the estimated maximum water surface elevation is
calculated to be 163 cfs.  The desired maximum spillway design discharge is 250 cfs - 163 cfs
= 87 cfs.

3. Emergency spillway excavated into undisturbed material.

4. Slope of exit channel, and length and elevation of level section: given, so = 4%, L = 50 ft.,
elevation = 100.0 feet (given).

5. Soil classification: given, erosion resistant soils.

6. Vegetative cover: given, sod-forming grass-legume mixture.

7. Permissible velocity v = 5 ft/s from Table 3-03.1 for sod-forming grass-legume mixtures,
erosion resistant soils, and exit channel slope so = 4%.

8. Retardance classification, C, from Table 3.03.2 for sod-forming grass-legume mixtures,
expected height = 6 to 10 inches.

9. The unit discharge of the spillway  q = 3 cfs/ft from Table 5-13c for Retardance C, maximum
permissible velocity v = 5 ft/s, and exit channel slope so = 4%.
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10. The required bottom width b = Q  q = 87 cfs/ 3  cfs/ft = 29 ft.

11. The depth of flow, Hp, from Table 5-13c for Retardance C ; enter at q = 3 cfs/ft, find Hp = 1.4
ft. for level section L = 50 ft.

12. The stage-discharge relationship: at stage elevation 1.4 feet above the spillway crest (101.4'),
the discharge is 87 cfs.

Example Procedure 2:

Given: Q  = 175 cfs  (determined from post-developed hydrology)
so  =  8 %  (slope of exit channel)
L  =  25 ft. (length of level section)
Easily erodible soil
Bahiagrass, good stand, 11 to 24 inches expected

Find: Permissible velocity, v, width of spillway, b, depth of water above the spillway crest, Hp.
Analyze the spillway for stability during the vegetation establishment period, and capacity once
adequate vegetation is achieved.

Solution: Complete Steps 1 through 12 of the design Procedure 2 for vegetated emergency spillways by
using the given information as follows:

1. Q = 175 cfs.

2. The flow through the riser and barrel at the estimated maximum water surface elevation is
calculated to be 75 cfs.  The desired maximum spillway design discharge is 175 cfs - 75 cfs =
100 cfs.

3. Emergency spillway in undisturbed ground.

4. so = 8 %;   L = 25 ft., elevation = 418.0 feet (given)

5. Easily erodible soils.

6. Bahiagrass, good stand, 11 to 24 inches expected.

7. Permissable velocity, v = 5 ft/s, from Table 3-03.1.

8. a) Retardance used for stability during the establishment period - good stand of vegetation
2 to 6 inches; Retardance D.

b) Retardance used for capacity - good stand of vegetation 11 to 24 inches; Retardance B.
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9. Unit discharge q = 2 cfs/ft  for stability. From Table 5-13d for Retardance D, permissable
velocity, v = 5 ft/s., and so = 8%

10. Bottom width b = Q/ q = 100 cfs/ 2 cfs/ ft  = 50 ft. (stability)

11. The depth of flow, Hp, for capacity.  From Table 5-13b for Retardance B, enter at
q = 2 cfs/ft, find Hp = 1.4 ft. for L = 25 ft.

12. The stage-discharge relationship: at stage (elevation) 1.4 ft. above the spillway crest (419.4'),
the discharge, Q, is 100 cfs.
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TABLE 5-12
Design Data for Earth Spillways

Source: USDA - SCS
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TABLE  5 - 13a
Hp and Slope Range for Discharge, Velocity and Crest Length -  Retardance A

Max. Velocity, v
(ft/s)

Unit Discharge, q
(cfs/ft)

Depth of Water Above
Spillway Crest, Hp (ft.)

Length of Level Section, L
(ft.)

 Slope Range, so

%

Min.      Max.
25 50 100 200

3
4
4
5
6
7
8

3
4
5
6
7

10
12.5

2.3
2.3
2.5
2.6
2.7
3.0
3.3

2.5
2.5
2.6
2.7
2.8
3.2
3.5

2.7
2.8
2.9
3.0
3.1
3.4
3.7

3.1
3.1
3.2
3.3
3.5
3.8
4.1

1
1
1
1
1
1
1

11
12
 7
 9
12
 9
10

Source: SCS Engineering Field Manual
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TABLE  5 - 13b 
 Hp and Slope Range for Discharge, Velocity, and Crest Length - Retardance B

Max. Velocity, v
(ft/s)

Unit Discharge, q
(cfs/ft)

Depth of  Water Above
Spillway Crest, Hp (ft.)

Length of Level Section, L (ft.)

Slope Range, so

%

  Min.      Max.25 50 100 200

2
2
3
3
4
5
6
7
8

1
1.25
1.5
2
3
4
5
6
7

1.2
1.3
1.3
1.4
1.6
1.8
1.9
2.1
2.2

1.4
1.4
1.5
1.5
1.7
1.9
2.1
2.2
2.4

1.5
1.6
1.7
1.7
1.9
2.1
2.3
2.4
2.6

1.8
1.9
1.9
1.9
2.2
2.4
2.5
2.7
2.9

    1             12
    1               7
    1             12
    1               8
    1               9
    1               8
    1             10
    1             11
    1             12

Source: SCS Engineering Field Manual

TABLE  5 - 13c
Hp and Slope Range for Discharge, Velocity, and Crest Length - Retardance C

Max. Velocity, v
(ft/s)

Unit Discharge, q
(cfs/ft)

Depth of WaterAbove
Spillway Crest, Hp (ft.)

Length of Level Section, L (ft.)

Slope Range, so

%

Min.       Max.25 50 100 200

2
2
3
4
4
5
6
8
9
9

10

0.5
1

1.25
1.5
2
3
4
5
6
7

7.5

0.7
0.9
0.9
1.0
1.1
1.3
1.5
1.7
1.8
2.0
2.1

0.8
1.0
1.0
1.1
1.2
1.4
1.6
1.8
2.0
2.1
2.2

0.9
1.2
1.2
1.2
1.4
1.6
1.8
2.0
2.1
2.3
2.4

1.1
1.3
1.3
1.4
1.6
1.8
2.0
2.2
2.4
2.5
2.6

1
1
1
1
1
1
1
1
1

6
3
6

12
7
6

12
12
12
10
12

Source: SCS Engineering Field Manual
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TABLE  5 - 13d 
Hp and Slope Range for Discharge, Velocity, and Crest Length, Retardance D

Max. Velocity, v
(ft/s)

Unit Discharge, q
(cfs/ft)

Depth of Water Above
Spillway Crest, Hp (ft.)

Length of Level Section,
L (ft.)

Slope Range, so

%

Min.        Max.
25 50 100 200

2
3
3
4
4
5
5
5
6
6
7
7
8
8

10

0.5
1

1.25
1.5
2

1.5
2
3

2.5
3
3
4
4
5
6

0.6
.8
.8
.8

1.0
.9

1.0
1.2
1.1
1.2
1.2
1.4
1.4
1.6
1.8

0.7
.9
.9
.9

1.1
1.0
1.2
1.3
1.2
1.3
1.3
1.5
1.5
1.7
1.9

0.8
1.0
1.0
1.0
1.3
1.2
1.3
1.5
1.4
1.5
1.5
1.7
1.7
1.9
2.0

0.9
1.1
1.2
1.2
1.4
1.3
1.4
1.7
1.5
1.7
1.7
1.9
1.9
2.0
2.2

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

6
6
4

10
4

12
9
4

11
7

12
7

12
8

12

Source: SCS Engineering Field Manual
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FIGURE 5 - 23
Vegetated Emergency Spillways: Typical Plan and Section
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Procedure:

5-9   HYDROGRAPH  ROUTING

This section presents the methodology for routing a runoff hydrograph through an existing or
proposed stormwater basin.  The "level pool" or storage indication routing technique is one of the
simplest and most commonly used methods, and is based on the continuity equation:

I - O = ds / dt
                                            Inflow -  Outflow  =   Change in Storage over time

The goal of the routing process is to create an outflow hydrograph that is the result of the combined
effects of the outlet device and the available storage.  This will allow the designer to evaluate the
performance of the outlet device or the basin storage volume, or both.  When multiple iterations are
required to create the most efficient basin shape, the routing procedure can be  time consuming and
cumbersome, especially when done by hand using the methods presented in this section.  It should
be noted that several computer programs are available to help complete the routing procedure. 

A step-by-step procedure for routing a runoff hydrograph through a stormwater basin is given below.
Note that the first four steps are part of the multi-stage riser design of the previous section. Due to
the complexity of this procedure, Example 1 from Chapter 6 will be used.  Note that the water
quality volume is not considered and only one design storm will be routed, the 2-year storm.  Other
design frequency storms can be easily analyzed with the same procedure.  Blank worksheets for this
procedure are provided in Appendix 5D.

1. Generate a post-developed condition inflow hydrograph.  The runoff hydrograph for the 2-year
frequency storm, post-developed condition from Example 1, as calculated by the SCS TR-20
computer program and shown in Figure 5-1, will be used for the inflow hydrograph.  (Refer
to Chapter 6 for details on the hydrology from Example 1.  Refer to Chapter 4 for
information on the hydrologic methods used.)

2. Develop the stage-storage relationship for the proposed basin.  The hydrologic calculations and
the hydrograph analysis for Example 1, in Section 5-3 and Section 5-4.1, revealed that the
storage volume required to reduce the 2-year, post-developed peak discharge back to the pre-
developed rate was 35,820 ft3.  Therefore, a preliminary grading plan should have a stormwater
basin with this required storage volume, as a minimum, to control the 2-year frequency storm.
The stage-storage relationship of the proposed stormwater facility can be generated by
following the procedures outlined in Section 5-5. Figure 5-10 shows the completed Storage
Volume Calculations Worksheet, and Figure 5-11 shows the stage vs. storage curve.
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a Q
C 2gh

3. Size the outlet device for the design frequency storm and generate the stage-discharge
relationship.  An outlet device or structure must be selected to define the stage-discharge
relationship.  This procedure is covered in Section 5-7, STEP 6 of the multi-stage riser design.
Using the procedure within STEP 6 from Section 5-7 and Example 1, the procedure is as
follows (from STEP 6, Section 5-7):

1. Approximate the 2-year maximum head, .h2max

Enter the stage-storage curve, Figure 5-11, with the 2-year required storage:  35,820 ft3 and
read the corresponding elevation:  88.5 ft. Then,  = 88.5 ft. - 81.0 ft. (bottom of basin) =h2max

7.5 ft. Note that this is an approximation because it ignores the centerline of the orifice as the
point from which the head is measured.  The head values can be adjusted when the orifice size
is selected.

2. Determine the maximum allowable 2-year discharge rate, .Q2allowable

From the pre-developed hydrologic analysis,  the 2-year allowable discharge from the basin
was found to be 8.0 cfs.  (This assumes that watershed conditions or local ordinance limit the
developed rate of runoff to be  the pre-developed rate.)

3. Calculate the size of the 2-year controlled release orifice.

Solve for the area, a, in ft2  by inserting the allowable discharge Q = 8.0 cfs and = 7.5 ft.h2max

into the Rearranged Orifice Equation, Equation 5-7. This results in an orifice diameter of
10 inches.       

Equation 5-7
Rearranged Orifice Equation

Where: a   =  required orifice area, ft2

Q  =  maximum allowable discharge = 8.0 cfs
C  =  orifice coefficient = 0.6
g  =  gravitational acceleration = 32.2 ft/sec
h  =  maximum 2-year hydraulic head, = 7.5 ft.h2max
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a 8.0
0.6 (2)(32)(7.5)

a 0.61 ft 2 ˊ d
2

2

Q Coa 2gh

Q (0.6)(0.545) (2)(32.2)(h)

a   = 0.61 ft2

For orifice diameter:

d = 0.88 ft. = 10.6 inches

Use a 10-inch diameter orifice.

4. Develop the stage-storage-discharge relationship for the 2-year storm.

Substituting the 10-inch orifice size into the Orifice Equation, Equation 5-6, and solving for the
discharge, Q, at various stages provides the information needed to plot the stage vs. discharge
curve and complete the Stage-Storage-Discharge Worksheet.

Equation 5-6
Orifice Equation

Where: a  =  a10"  =  0.545 ft2

Q2 = 2.62 (h)0.5

Where: h  =  water surface elev. - (81.0 + 0.83/2)
h  =  water surface elev. - 81.4

Note that the h is measured to the centerline of the 10-inch orifice.
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In In 1

2
On On 1

2
Sn 1 Sn
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In In 1
2Sn

ȹt
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2Sn 1

ȹt
On 1

Figure 5-24 shows the result of the calculations:  the stage vs. discharge curve and table.

Continuing with the Hydrograph Routing Procedure:

5. Develop the relationship 2S/ȹt  vs. O and plot 2S/ȹt  vs. O.

The plot of the curve 2S/ȹt  vs. 0 is derived from the continuity equation.  The continuity equation
is rewritten as:

Equation 5-12
Continuity Equation

where: In & In+1  =  inflow at time n=1 and time n=2
On & On+1  =  outflow at time n=1 and time n=2
Sn & Sn+1  =  storage at time n=1 and time n=2

ȹ t  =  time interval (n=2 - n=1)

This equation describes the change in storage over time as the difference between the average inflow
and outflow at that  given time.  Multiplying both sides of the equation by 2 and rearranging allows
the equation to be re-written as:

Equation 5-13
Rearranged Continuity Equation

The terms on the left-hand side of the equation are known from the inflow hydrograph and from the
storage and outflow values of the previous time interval.  The unknowns on the right hand side, On+1
and Sn+1 , can be solved interactively from the previously determined stage vs. storage curve, Figure
5-11, and stage vs. discharge curve, Figure 5-24.

First, however, the relationship between 2S/ȹt + O and O must be developed.  This relationship can
best be developed by using the stage vs. storage and stage vs. discharge curves to fill out the
worksheet shown in Figure 5-25, as follows:

a) Columns 1, 2, and 3 are completed using the stage vs. discharge curve.

b) Columns 4 and 5 are completed using the stage vs. storage curve.
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c) Column 6 is completed by determining the time step increment used in the inflow hydrograph.
(For Example 1, ȹt = 1 hr. = 3,600 sec.)  ȹt is in seconds to create units of cubic feet per
second (cfs) for the 2S/ȹt calculation.

d) Column 7 is completed by adding Columns 3 and 6.  The completed table is presented in
Figure 5-26, and Example 1 in Chapter 6, along with the plotted values from Column 3, O
or outflow, and Column 7, 2S/ȹt + O.

6. Route the inflow hydrograph through the basin and 10-inch diameter orifice.  The routing
procedure is accomplished by use of another worksheet, Figure 5-27, Hydrograph Routing
Worksheet.  Note that as the work is completed for each value of n, it becomes necessary to
jump to the next row for a value.  The table is completed by the following steps: 

a. Complete Column 2 and Column 3 for each time n.  These values are taken from the
inflow hydrograph. The inflow hydrograph is provided in tabular form in Figure 5-
29.  This information is either taken from the plot of the inflow hydrograph or read
directly from the tabular version of the inflow hydrograph (TR-20, TR-55, etc.).

b. Complete Column 4 for each time n by adding two successive inflow values from
Column 3.  Therefore, Column 4n = Column 3n + Column 3n+1 . 

c. Compute the values in Column 6 by adding Columns 4 and 5 from the previous time
step.  Note that for n = 0, Columns 5, 6, and 7 are given a value of zero before
starting the table.  Therefore, Column 6n=2 = Column 4n=1 + Column 5n=1 .  (Note that
this works down the table and not straight across.)

d. Column 7 is read from the 2S/ȹt + O vs. O curve by entering the curve with the value
from Column 6 to obtain the outflow, O.

e. Now backtrack to fill Column 5 by subtracting twice the value of Column 7 (from
step d) from the value in Column 6.  Column 5n = Column 6n - 2(Column 7n ) .

f. Repeat steps c through e until the discharge (O, Column 7) reaches zero.
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FIGURE 5 - 24
Stage vs. Discharge Curve, Example 1
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FIGURE  5 - 25
Storage Indication Hydrograph Routing (2S/ȹt + O) vs. O Worksheet

1 2 3 4 5 6 7

elevation
(ft)

stage
(ft)

outflow
(cfs)

storage
(cf)

2S
(cf)

2S/ȹt
(cfs)

2S/ȹt + O
(cfs)

from
plan elevn - elevo

based on
outflow device

&  stage

based on
stage 2 × Col 4 Col 5 /ȹt of

hydrograph Col 3 + Col 6
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FIGURE 5 - 26
Storage Indication Hydrograph Routing (2S/ȹt + O) vs. O Worksheet, 

Example 1, Curve & Table
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n = 1

FIGURE 5 - 27
Storage Indication Hydrograph Routing Worksheet

1 2 3 4 5 6 7

n Time
(min)

In
(cfs)

In + In+1
(cfs)

2Sn/ȹt - On
(cfs)

2Sn+1/ȹt + On+1
(cfs)

On+1
(cfs)

from
hydrograph

Col 3n +Col 3n+1 Col 6n - 2(Col 7n) Col 4n-1 + Col 5n-1 from chart;
use Col 6n

0 0 0 0

The above steps are repeated here for the first four time steps in Example 1 and displayed in the
completed Hydrograph Routing Worksheet, Figure 5-28.

1. Columns 2 and 3 are completed for each time step using the inflow hydrograph.   

2. Column 4 is completed as follows:  

Column 4n = Column 3n + Column 3n+1
for n = 1: Column 4n=1 = Column 3n=1 + Column 3n=2
Column 4n=1 = 0 + 0.32 = 0.32
for n = 2: Column 4n=2 = 0.3 + 23.9 = 24.2
for n = 3: Column 4n=3 = 23.9 + 4.6 = 28.5
for n = 4: Column 4n=4 = 4.6 + 2.4 = 7.0
etc.

3. Column 6n=1 = 0.  n = 1 is at time 0.  The first time step has a value of zero.

4. Column 7n=1 = 0. Entering the 2S/ȹt  vs. O curve with a value of zero gives O = 0 cfs.  (The
discharge is always zero at time t=0 unless a base flow exists.)

5. Column 5n=1 = Column 6n=1 - 2 (Column 7n=1) Column 5n=1 = 0 - 0 = 0.
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n = 2

n = 3

n = 4

n = 5, etc.

3. Column 6n=2 = Column 4n=1 + Column 5n=1.
Column 6n=2 = 0.3 + 0 = 0.3.

4. Column 7n=2 = 0.3.  Enter the 2S/ȹt + O vs. O curve with 2S/ȹt + O = 0.3 (from Column 6)
and read O = 0.3.

5. Column 5n=2 = Column 6n=2 - 2(Column 7n=2).
Column 5n=2 = 0.3 - 2(0.3) = -0.3 = 0.  (A negative outflow is unacceptable.)

3. Column 6n=3 = 24.2 + 0 = 24.2.

4. Column 7n=3 = 6.8. Enter 2S/ȹt + O vs. O curve with 24.2, read O = 6.8.

5. Column 5n=3 = 24.2 - 2(6.8) = 10.6.

3. Column 6n=4 = 28.5 + 10.6 = 39.1

4. Column 7n=4 = 7.7. Enter 2S/ȹt = O vs. O curve with 39.1, read O = 7.7.

5. Column 5n=4 = 39.1 - 2(7.7) =23.7.

This process is continued until the discharge (O, Column 7) equals “0”.  The values in Column 7 can
then be plotted to show the outflow rating curve, or discharge hydrograph, as shown in  Figure 5-29.
The designer should verify that the maximum discharge from the basin is less than the
allowable release.  If the maximum discharge is greater than or much less than the allowable
discharge, the designer should try a different outlet size or basin shape.
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FIGURE 5 - 28
Storage Indication Hydrograph Routing Worksheet, Example 1

1 2 3 4 5 6 7

n Time
(min)

In
(cfs)

In + In+1
(cfs)

2Sn /ȹt - On
(cfs)

2Sn+1 /ȹt + On+1
(cfs)

On+1
(cfs)

from
hydrograph Col 3n + Col 3n+1 Col 6n - 2(Col 7n) Col 4n-1 + Col 5n-1

from chart;
use Col 6n

1  0 0    0.32 0 0 0

2  60 0.32 24.2 0 (-0.3) 0.3 0.3

3 120 23.9 28.5 10.6 24.2 6.8

4 180 4.6 7.0 23.7 39.1 7.7

5 240 2.4 4.0 15.7 30.7 7.5

6 300 1.6 3.0 6.9 19.7 6.4

7 360 1.4 2.6 0.3 9.9 4.8

8 420 1.2 2.3 0 (-0.7) 2.9 1.8

9 480 1.1 2.1 0 (-0.7) 2.3 1.5

10 540 1.0 1.9 0 (-0.7) 2.1 1.4

11 600 0.9 1.6 0 (-0.7) 1.9 1.3

12 660 0.7 1.4 0 (-0.6) 1.6 1.1

13 720 0.7 1.4 0 (-0.6) 1.4 1.0

14 780 0.7 1.3 0 (-0.6) 1.4 1.0

15 840 0.6 0.6 0 (-0.5) 1.3 0.9

16 900 0  0  0 (-0.4) 0.6 0.5

17 960 0  0  0  0  
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FIGURE 5 - 29
Inflow and Discharge Hydrographs, Example 1
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5-10   WATER QUALITY CALCULATION PROCEDURES

This section presents procedures for complying with the water quality criterion outlined in the
stormwater management regulations.  The water quality criterion represent a consolidation of the
requirements of three state agencies charged with the responsibility of monitoring and improving
the water resources of the Commonwealth: The Department of Conservation and Recreation (DCR),
the Department of Environmental Quality (DEQ), and the Chesapeake Bay Local Assistance
Department (CBLAD).  The specific responsibilities of these agencies are presented in Chapter 1.

The stormwater management water quality regulations require compliance by either a performance-
based water quality criteria or a technology-based water quality criteria. The performance-
based water quality criteria requires the designer to implement a Best Management Practice (BMP)
or combination of BMPs which effectively remove the anticipated increase in pollutant load from
a development site.  This approach requires the designer to calculate the pollutant load to be
removed, implement a BMP strategy, and then calculate the performance of that strategy, based on
the effectiveness or pollutant removal efficiency of the selected BMP(s).  

The technology-based water quality criteria simply states that for land uses of given amounts of
impervious cover, measured in percent, there are best available technologies with which to remove
the anticipated pollutant load increase. 

These two criterion are considered to be equivalent when implemented as described in this
handbook.  A more detailed discussion of these water quality criterion and the selection of  water
quality BMPs is presented in Chapter 2.

5-10.1 Performance-Based Water Quality Criteria

This procedure is for determining compliance with the performance-based water quality criteria of
the Commonwealth’s stormwater management regulations. The Performance-based water quality
criteria is defined as follows:

For land development, the calculated post-development nonpoint source pollutant runoff load shall
be compared to the calculated pre-development load based upon the average land cover condition
or the existing site condition.  A BMP(s) shall be located, designed, and maintained to achieve the
target pollutant removal efficiencies specified in Table 5-14 and to effectively reduce the pollutant
load to the required level based upon the four applicable land development situations for which the
performance criteria apply. (Refer to STEP 3 for a discussion of the development situations.)

The “nonpoint source pollutant runoff  load” or “pollutant discharge” is defined as the average
amount of a particular pollutant(s) measured in pounds per year, delivered in a diffuse manner by
stormwater runoff. The calculation procedure described herein uses the contaminant phosphorous
for the purposes of calculating pollutant discharge in order to determine compliance with the
performance-based water quality criteria.  However, other pollutants may be targeted if
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determined to be more appropriate for the intended land use.  Refer to Chapter 2 for a
discussion of urban nonpoint source pollution. 

The accepted calculation procedure for the determining the pre- and post-developed pollutant loads
from development sites is referred to as the Simple Method.  A more detailed discussion and
derivation of the Simple Method can be found in Appendix A of Controlling Urban Runoff: A
Practical Manual for Planning and Designing Urban BMPs, published by the Metropolitan
Washington Council of Governments.  The simple method uses impervious cover as the key variable
in calculating the levels of pollutant export. (It should be noted that other more data intensive
methods for calculating pollutant loads are available.  DCR will evaluate the option of utilizing these
methods in the future. 

Equation 5-14 presents the Simple Method General Pollutant Load Equation. 

L = P × Pj × [0.05 + (0.009 × I)] × C × A × 2.72 ÷ 12

Equation 5-14
Simple Method Pollutant Load (L)

where: L    = relative total phosphorous load (pounds per year)
P    = average annual rainfall depth (inches), assumed to be 43 inches for

Virginia*
Pj    = unitless correction factor for storm with no runoff  = 0.9
I     = percent impervious cover (percent expressed in whole numbers)
C    = flow-weighted mean pollutant concentration = 0.26 milligrams per liter
A    = applicable area (acres)
Note: 12 and 2.72 are conversion factors
* - The annual rainfall depth may vary across the commonwealth based on locally
collected rainfall data.  The designer should verify actual rainfall values which
may be required in the local jurisdiction.  Also note that the use of the same value
in the pre- and post-developed computations allows for the cancellation of this
and other values as discussed below.

The purpose of this calculation is to provide a comparison between the pre- and post-development
pollutant loads.  Therefore, in an effort to simplify Equation 5-14, any value which will not change
with the development of land, such as rainfall (P) and the flow weighted mean pollutant
concentration (C), and any constants, such as the correction factor(Pj ) and conversion factors, can
be multiplied through.  Thus Equation 5-14 simplifies to:
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L = [0.05 + (0.009 × I)] × A × 2.28
Equation 5-15

Simple Method Pollutant Load (L), Simplified

where: L    = relative total phosphorous load (pounds per year)
I     = percent impervious cover (percent expressed in whole numbers)
A    = applicable area (acres)

The Performance-based criteria requires that a pre- and post-developed condition pollutant load be
calculated in order to determine the relative increase.  A consistent, calculated pre-developed annual
load (Lpre), or base annual load, with which to compare the calculated post-developed annual load
(Lpost) is therefore required.  The Chesapeake Bay Local Assistance Department has determined a
base line annual load of phosphorous for Tidewater Virginia and has established a corresponding
baseline impervious value, or average land cover condition (Iwatershed), of 16%.  A locality may choose
to adopt this value as the pre-developed default for the entire locality.  Or the locality may choose
to calculate a watershed or locality-wide pre-developed annual load and corresponding impervious
value, and designate a watershed-specific or locality-specific average land cover condition. 

Localities have the following options when determining average land cover conditions:

Option 1: A locality may designate specific watersheds within its jurisdiction and calculate the
average land cover condition (Iwatershed) and associated average total phosphorous
loading for those watersheds (Table 5-15 presents representative land uses and
associated percent impervious cover and phosphorous export values); or

Option 2: A locality may assume the Chesapeake Bay default value for total phosphorous
loading of 0.45 pounds/acre/year (FVA ) and an equivalent impervious cover (Iwatershed)
of 16 percent for its entire jurisdiction.

The calculation of watershed-specific average total phosphorous loadings must be based upon the
following:

1. existing land use data at time of local program adoption,
2. watershed size, and
3. determination of equivalent values of impervious cover for non-urban land uses

which contribute nonpoint source pollution, such as agriculture, silviculture, etc.

Some localities may begin with Option 2 while they gather the necessary data for Option 1. The
average land cover condition, once established for a locality (or watershed), should not change, and
the designer simply uses that value as the existing condition baseline value for the specific
watershed or locality in which the project is located.
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5-10.2 Performance-Based Water Quality Calculation Procedure

The following steps represent the performance-based water quality calculation procedure:

STEP 1 Determine the applicable area (A) and the post-developed impervious cover
(Ipost).

STEP 2 Determine the existing impervious cover (Iexisting)  or use the average land cover
condition (Iwatershed)

STEP 3 Determine the appropriate development situation.

STEP 4 Determine the relative pre-development pollutant load (Lpre).

STEP 5 Determine the relative post-development pollutant load (Lpost).

STEP 6 Determine the relative pollutant removal requirement (RR).

STEP 7 Identify best management practice (BMP) options for the site.

The following discussion presents each step of the calculation procedure:

STEP 1 Determine the applicable area (A) and the post-developed impervious cover
(Ipost).

Applicable Area 

The applicable area (A) is the parcel of land being developed.  For large developments such as
subdivisions, shopping centers, or office / institutional campus style developments, use of the entire
parcel or development areas can result in unreasonable water quality requirements.  In these cases,
the designation of a planning area may be more appropriate.  A planning area is a designated portion
of the parcel of land, measured in acres, on which the development project is located.  The planning
area may be established by drainage areas or development areas. A designated planning area can be
helpful when analyzing developments where the density of impervious cover, construction phasing,
or other factors vary across the total site and create distinctly separate areas of analysis.  (The
concept and advantages of planning areas are discussed further in Chapter 2.)

The use of planning areas must be preceeded by the development of a master plan to ensure
that the entire development is accounted for, as well as document the consistent application
of the designated planning areas (land can not be included in more than one planning area).
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Post-development Impervious Cover (Ipost )

The designer must determine the amount of post-development impervious cover (Ipost), in percent,
within the applicable area.  The zoning classifications or proposed density of a site will allow the
designer to estimate impervious cover. It is important that the roadways, sidewalks, and other public
or common ground improvements are included in the overall total impervious cover calculations
when calculating the average lot size and the associated impervious cover.  Compliance and final
engineering calculations, however, should be based on impervious cover shown on the final site or
subdivision plan.   A locality may set minimum acceptable impervious percentages for particular
land uses, and may also require a determination of the actual proposed impervious cover and use the
higher value.  Representative land use categories and associated average impervious cover values
are shown in Table 5-15.

STEP 2 Determine the existing impervious cover (Iexisting) or use the average land cover
condition (Iwatershed) as determined by the locality.

Existing Impervious Cover (Iexisting):

The existing impervious cover (Iexisting) is the percentage of the site that is occupied by impervious
cover prior to the development of the proposed project.  For new construction there is typically no
existing impervious cover and therefore the average land cover condition or the watershed-specific
value is used.  Two of the four development situations presented in this standard, however, are based
on the presence of existing site features or previous development and use the existing impervious
cover as the basis for determining the pre-development total phosphorous load (Lpre).

Average Land Cover Condition (Iwatershed):

A locality must establish the base pollutant load for specific watersheds or for the locality as a whole
based on all of the land uses within the established boundary and, in turn, must determine the
corresponding average land cover condition (Iwatershed) measured in percent impervious cover. The
average land cover condition, therefore, will be a watershed- or locality-specific value, or the
Chesapeake Bay default value of 16%.  The average land cover condition, once established for a
locality (or watershed), should not change, and the designer simply uses that value as the pre-
developed or existing average land cover condition for the specific watershed or locality in which
the project is located.

STEP 3 Determine the appropriate development situation.

The performance-based criteria is applied through the use of four development situations. The
application of each of these situations uses the same development characteristic (impervious cover)
to determine the post-development pollutant load (Lpost). However, the pre-development pollutant
load (Lpre) is determined using either the average land cover condition (Iwatershed) or the
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existing impervious cover (Iexisting), depending on the development situation. The situations are as
follows:

Situation 1: Land development where the existing  percent impervious cover (Iexisting) is less than
or equal to the average land cover condition (Iwatershed) and the proposed
improvements will create a total percent impervious cover (Ipost) which is less than
the average land cover condition (Iwatershed).

Requirement: No reduction in the after development pollutant discharge (Lpost) is
required.

Situation 2: Land development where the existing  percent impervious cover (Iexisting) is less than
or equal to the average land cover condition (Iwatershed) and the proposed
improvements will create a total percent impervious cover (Ipost) which is greater than
the average land cover condition (Iwatershed).

Requirement:  The pollutant discharge after development (Lpost) shall not exceed the
existing pollutant discharge based on the average land cover condition (Lpre(watershed)).

Situation 3: Land development where the existing percent impervious cover (Iexisting) is greater
than the average land cover condition (Iwatershed).

Requirement:  The pollutant discharge after development (Lpost) shall not exceed
1)  the pollutant discharge based on existing conditions (Lpre(existing)) less 10%; or 2)
the pollutant discharge based on the average land cover condition (Lpre(watershed)),
whichever is greater.

Situation 4: Land development where the existing percent impervious cover (Iexisting) is served by
an existing stormwater management BMP(s) that addresses water quality.

Requirement:  The pollutant discharge after development (Lpost) shall not exceed the
existing pollutant discharge based on the existing percent impervious cover while
served by the existing BMP (Lpre(existingBMP)).  The existing BMP shall be shown to
have been designed and constructed in accordance with proper design standards and
specifications, and to be in proper functioning condition.

If the proposed development meets the criteria for development Situation 1, than the low
density development is considered to be the BMP and no pollutant removal is required.  The
calculation procedure for Situation 1 stops here.  Development Situations 2 through 4 proceed
to STEP 4.
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STEP 4 Determine the relative pre-development pollutant load (Lpre).

The pre-developed pollutant load is based on either the average land cover condition (Lpre(watershed)):
Situation 2; or the existing site conditions (Lpre(existing)): Situation 3; or the existing site conditions
while being served by a water quality BMP (Lpre(existingBMP)): Situation 4. 

The simplified version of the Simple Method Pollutant Load Equation (Equation 5-15) is modified
by inserting the specific values of I (Iwatershed or Iexisting) to calculate the relative pre-development total
phosphorous load for the different development situations (2 through 4). The Simple Method
Pollutant Load Equation is applied to the development situations as follows:

Situation 2:

The treatment requirement for Situation 2 states that the pollutant discharge after development (Lpost)
shall not exceed the existing pollutant discharge based on the average land cover condition
(Lpre(watershed)).  Therefore, the Simple Method Pollutant Load Equation is slightly modified to
calculate the relative pre-development pollutant load (Lpre(watershed)) as follows: 

Lpre(watershed) = [0.05 + (0.009 × Iwatershed)] × A × 2.28   

Equation 5-16
Pollutant Load Based on Average Land Cover Conditions (Lpre(watershed))

where: Lpre(watershed)  = relative pre-development total phosphorous load (pounds per year)
Iwatershed       = average land cover condition for specific watershed or locality or

the Chesapeake Bay default value of 16% (percent expressed in
whole numbers)

A   = applicable area (acres)

Situation 3:

The treatment requirement for Situation 3 states that the pollutant discharge after development (Lpost)
shall not exceed the greater of: 1)  the pollutant discharge based on existing conditions (Lpre(existing))
less 10%; or 2) the pollutant discharge based on the average land cover condition (Lpre(watershed)).

The pre-development pollutant discharge must be calculated twice in order to determine compliance
with this requirement: first based on the existing impervious cover (Iexisting) to calculate the pre-
development load (Lpre(existing)) (Equation 5-17);  and again based on the average land cover condition
(Iwatershed) to calculate the pre-development load (Lpre(watershed)) (Equation 5-16). The Simple Method
Pollutant Load Equation is used as follows:
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Lpre(existing) = [0.05 + (0.009 × Iexisting)] × A × 2.28   

Equation 5-17
Pollutant Load Based on Existing Site Conditions (Lpre(existing))

where: Lpre(existing)  = relative pre-development total phosphorous load (pounds per year)
     Iexisting  = existing site impervious cover (percent expressed in whole

numbers)
          A  = applicable area (acres)

The existing pollutant discharge based on the average land cover condition (Lpre(watershed)) is calculated
the same as was done in STEP 2 using Equation 5-16. The comparison of Lpre(existing) less 10% and
Lpre(watershed) is made in STEP 5 of this procedure.

Situation 4:

The requirement for Situation 4 states that the pollutant discharge after development (Lpost) shall not
exceed the existing pollutant discharge based on the existing percent impervious cover while served
by the existing BMP(s) (Lpre(existingBMP)).  The existing BMP(s) shall be shown to have been designed
and constructed in accordance with proper design standards and specifications, and to be in proper
functioning condition.

This requirement assumes that either all or a portion of the pollutant load generated by the existing
impervious cover on a development is being reduced by one or more BMPs designed and
constructed for that purpose.  It becomes the responsibility of the designer or applicant to
demonstrate that the facility was designed and constructed in accordance with the proper design
standards and specifications, and is in proper functioning condition in order to justify the pollutant
removal efficiency attributed to that particular BMP.  Acceptable pollutant removal efficiency values
attributed to some of the more commonly used BMPs for which there is adequate performance data
are presented in Table 5-14. Chapter 3 provides the design and maintenance requirements for these
BMPs.

It should be noted that there may be more than one existing BMP.  The drainage area to each BMP
must be evaluated independantly.  All areas being evaluated should be clearly documented on an
existing conditon drainage area map. 

The pre-developed total phosphorous load based on existing site conditions (Lpre(existing)) is calculated
using Equation 5-17. The designer must then determine how much of the existing impervious cover
is captured by the existing BMP(s), and the relative pollutant load removed. The Simple Method
Pollutant Load Equation is therefore applied independently to each BMP drainage area of the site
to determine the relative pollutant load of the area draining to the existing BMP(s) (Equation 5-18)
and then the efficiency of each BMP is applied to the respective load to determine the load removed
(Equation 5-19) as follows: 
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Lpre(BMP) = [0.05 + (0.009 × Ipre(BMP))] × AexistBMP × 2.28

Equation 5-18
Pollutant Load to Existing BMP (Lpre(BMP))

where:   Lpre(BMP)  = relative pre-development total phosphorous load entering existing
BMP (pounds per year)

   Ipre(BMP)  = existing impervious cover to existing BMP (percent expressed in
whole numbers)

  AexistBMP  = drainage area to existing BMP (acres)

The relative pollutant load removed by the existing BMP (Lremoved(existingBMP)) is determined as
follows:

Lremoved(existingBMP) = Lpre(BMP) × EFFexistBMP

Equation 5-19
Pollutant Load Removed by Existing BMP (Lremoved(existingBMP))

where:  Lremoved(existingBMP)  = relative pre-development total phosphorous load removed by
existing BMP (pounds per year)

 Lpre(BMP)  = relative pre-development total phosphorous load entering existing
BMP, Equation 5-18 (pounds per year)

         EFFexistBMP  = documented pollutant removal efficiency of existing BMP
(expressed in decimal form)

Equations 5-18 and 5-19 are thus applied independantly to each existing BMP on the site.

The relative pre-development pollutant load from the site can now be calculated using Equation 5-
20 as follows:

Lpre(existingBMP) =  Lpre(existing)  ( Lremoved(existingBMP1) + Lremoved(existingBMP2) + Lremoved(existingBMP3) )   

Equation 5-20
Pollutant Load Based on Existing BMP Removal Efficiency (Lpre(existingBMP))

where:         Lpre(existingBMP)  = relative pre-development total phosphorous load while being
served by an existing BMP (pounds per year)

             Lpre(existing)  = relative pre-development total phosphorous load based on existing
site conditions, Equation 5-17 (pounds per year)

           EFFexistBMP  = documented pollutant removal efficiency of existing BMP
(expressed in decimal form)

    Lremoved(existingBMP) = relative pre-development total phosphorous load removed by
existing BMP, Equation 5-19 (pounds per year)
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STEP 5 Determine the relative post-development pollutant load (Lpost).

The post-development pollutant load (Lpost) is calculated based on the proposed impervious cover
for each development situation.  The Simple Method Pollutant Load Equation based on the proposed
post-development impervious cover (Ipost ) is used as follows:

Lpost = [0.05 + (0.009 × Ipost)] × A × 2.28

Equation 5-21
Pollutant Load Based on Post-Development Site Conditions (Lpost)

where:       Lpost   = relative post-development total phosphorous load (pounds per
year)

       Ipost   = post-development impervious cover (percent expressed in whole
numbers)

          A  = applicable area (acres)

STEP 6 Determine the relative pollutant removal requirement (RR).

The pollutant removal requirement (RR) is defined as the relative amount of the keystone pollutant
(in pounds per year) which must be removed by a BMP. The development situations discussed in
STEP 3 present the different removal or treatment requirements for each situation.  There is no
treatment requirement for Situation 1 due to the low density of development (proposed impervious
cover less than the average land cover condition). The requirements for Situations 2, 3, and 4 are as
follows:

Situation 2: RR  = Lpost  Lpre(watershed)

Situation 3: RR  = Lpost  (0.9 × Lpre(existing));  or
RR  = Lpost  Lpre(watershed) , which ever value of RR is less.

Situation 4: RR  = Lpost  Lpre(existingBMP)

If the calculated RR value is less than or equal to zero, no BMPs are required.  If the RR value
greater than zero, continue on with STEP 7.

STEP 7 Identify best management practice (BMP) options for the site.

The selection criteria for choosing an appropriate BMP for any given development site is often
dictated by the physical characteristics of the site, such as soil types, topography, and drainage area.
In addition, the pollutant removal requirement (RR) for the site may dictate that a BMP with a high
removal efficiency (EFFBMP) be used, while the physical characteristics of the site may dictate that
a combination of strategically located BMPs be used.  Specific siting and design criterion, as well
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as the accepted pollutant removal efficiencies for generally acceptable BMPs, are discussed in
Chapter 3: BMP Minimum Standards.

The first step in determining which BMP may satisfy the pollutant removal requirement is to
determine the necessary BMP pollutant removal efficiency.  When the entire development is to be
served by one BMP, this can be calculated using the following equation:

EFF = ( RR ÷ Lpost ) × 100

Equation 5-22
Required Pollutant Removal Efficiency (EFF)

where:        EFF  = required pollutant removal efficiency
        RR  = pollutant removal requirement (pounds per year)
       Lpost  = relative post-development total phosphorous load, Equation 5-21

(pounds per year)

If more than one BMP will be used on the site, the removal requirement (RR) and post-development
total load (Lpost) must be calculated for each area using Equation 5-22.  The designer can then use
the required pollutant removal efficiency (RR) value to make a preliminary BMP(s) selection from
Table 5-15.  This is a preliminary selection since the specific siting and design criteria for the
selected BMP must now be satisfied.  Refer to Chapter 3 for more information. 

Once the BMP is selected and sited the designer must verify that the BMP(s) satisfies the removal
requirement (RR) for the development.  This is done by applying the pollutant removal efficiency
(EFFBMP) of the selected BMP to the post-developed pollutant load entering the BMP as sited
(LBMP).  If the entire site drains to the proposed BMP, then the post-development pollutant load
entering the BMP (LBMP) is that which was calculated in STEP 5 (Lpost = LBMP).  In many cases,
however, the topographic constraints of the site, or siting constraints of the specific BMP chosen,
may result in some impervious areas not draining to the proposed BMP.  Therefore, the Simple
Method General Pollutant Load Equation must be applied to the actual drainage area of the BMP(s)
as follows:

LBMP = [0.05 + (0.009 × IBMP)] × ApropBMP × 2.28

Equation 5-23
Pollutant Load Entering Proposed BMP (LBMP)

where:       LBMP  = relative post-development total phosphorous load entering
proposed BMP(pounds per year)

       IBMP  = post-development percent impervious cover to proposed BMP
(percent expressed in whole numbers)

  ApropBMP  = drainage area to proposed BMP (acres)
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The load removed by the BMP is then calculated as follows: 

Lremoved = EffBMP × LBMP

Equation 5-24
Pollutant Load Removed by Proposed BMP (Lremoved)

where:   Lremoved  = post-development total phosphorous load removed by proposed
BMP (pounds per year)

   EffBMP = pollutant removal efficiency of BMP (expressed in decimal form) 
     LBMP  = relative post-development total phosphorous load entering

proposed BMP, Equation 5-23 (pounds per year)

The calculation in this step is performed for each BMP and the various Lremoved values for the
existing and proposed BMPs are summed for the total pollutant load removal as follows:

Lremoved/total = Lremoved/BMP1 + Lremoved/BMP2 + Lremoved/BMP3 + . . .
                                    + Lremoved(existingBMP1) + Lremoved(existingBMP2) + Lremoved(existingBMP3)

Equation 5-25
Total Pollutant Load Removed by Proposed BMPs (Lremoved/total)

where:    Lremoved/total  = total pollutant load removed by proposed BMPs (pounds per year)
  Lremoved/BMP1 =  pollutant load removed by proposed BMP No. 1, Equation 5-24 
  Lremoved/BMP2 =  pollutant load removed by proposed BMP No. 2, Equation 5-24
  Lremoved/BMP3 =  pollutant load removed by proposed BMP No. 3, Equation 5-24

      Lremoved(existingBMP)  =  pollutant load removed by existing BMP No. 1, Equation 5-19
      Lremoved(existingBMP)  =  pollutant load removed by existing BMP No. 2, Equation 5-19
      Lremoved(existingBMP)  =  pollutant load removed by existing BMP No. 3, Equation 5-19

The BMP or combination of BMPs is determined to be adequate if the total pollutant load removed
(L removed/total) is greater than or equal to the removal requirement (RR) calculated in STEP 6:
Lremoved/total  RR

If the total load removed is less than the removal requirement (RR) than an alternate BMP or
combination of BMPs must be selected.  It may be possible to simply increase the drainage area to
the BMP(s) (if the entire site does not already drain to the BMP)  in order to increase the overall
pollutant removal from the site.  Another option may be to reduce the impervious cover of the
development in order to lower the removal requirement.  The designer may also investigate the
opportunities to capture off-site impervious area drainage in the proposed BMP to compensate for
on-site areas which cannot be captured.  In all cases the designer should contact the local program
authority to determine if options are available in the local program as a result of a watershed or
regional BMP plan.
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Table 5-14
Water Quality BMP Pollutant Removal Efficiencies 

Water Quality BMP* Target Pollutant Removal Efficiency Percent Impervious Cover

  Vegetated filter strip
  Grassed swale

10%
15%

16-21%

  Constructed wetlands
  Extended detention (2 x WQ Vol)
  Retention basin I (3 x WQ Vol)

30%
35%
40%

22 -37% 

  Bioretention basin
  Bioretention filter
  Extended detention-enhanced
  Retention basin II (4 x WQ Vol)
  Infiltration (1 x WQ Vol)       

50%
50%
50%
50%
50%

38 -66%

  Sand filter
  Infiltration (2 x WQ Vol)
  Retention basin III (4 x WQ Vol
   with aquatic bench)

65%
65%
65%

67 -100%

* Innovative or alternative BMPs not included in this table may be allowed at the discretion of the local program administrator,
the plan approving authority, or the Department
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Table 5-15
Simple Method General Pollutant Load Equation Solved for 

Incremental Impervious Cover Values
(Urban Land Uses)

Representative
Land Uses

Average Impervious
Cover

Annual Pollutant
Load (lb/ac/yr)

0 0.11

2-5 Acre
Residential

5 0.22

10 0.32

15 0.42

1 Acre Residential 20 0.52

½ Acre Residential 25 0.63

1/3 Acre Residential 30 0.73

1/4 Acre Residential 35 0.83

40 0.94

1/8 Acre Residential 45 1.04

50 1.14

Townhouses/
Garden Apartments

55 1.24

60 1.35

65 1.45

Light Industrial 70 1.55

75 1.65

Heavy Industrial/
Commercial

80 1.76

85 1.86

90 1.96

95 2.06

Pavement 100 2.17

Note: The average impervious cover values may be used for estimating or planning purposes when considering
the representative land use as shown.  When possible, final design calculations should be based on actual
percent impervious cover as measured from the site plan.
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Table 5-15 (Cont.)
Simple Method General Pollutant Load Equation Solved for 

Incremental Impervious Cover Values
(Non-Urban Land Uses)

(in pounds/acre/year)

Land Use Silt Loam Soils Loam Soils Sandy Loam Soils

Conventional Tillage Cropland 3.71 2.42 0.83

Conservation Tillage Cropland 2.32 1.52 0.52

Pasture Land 0.91 0.59 0.20

Forest Land 0.19 0.12 0.04
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Most of the criteria in this document was originally issued in Soil Mechan-
ics Note 1, revised January 1986. This revision of Soil Mechanics Note 1 and
any future revisions of other Soil Mechanics Notes will be placed in the
National Engineering Handbook, Part 633, Soil Engineering. This material is
Chapter 26, Gradation Design of Sand and Gravel Filters.



26–4 (210-vi–NEH, October 1994)

Chapter 26 Gradation Design of Sand and

Gravel Filters

Part 633
National Engineering Handbook

26–ii

Acknowledgments

The criteria in this document are based on the results of an extensive labo-
ratory filter study carried out by the Soil Conservation Service (SCS) at the
Soil Mechanics Laboratory in Lincoln, Nebraska, from 1980 to 1985. The
principals involved in this study were Lorn P. Dunnigan, SCS (retired),
James R. Talbot, SCS (retired), and James L. Sherard, consultant
(deceased).

Revisions were developed in 1993 by Danny K. McCook, assistant head,
Soil Mechanics Laboratory, SCS, Fort Worth, Texas; Charles H. McElroy,
head of the Soil Mechanics Laboratory, SCS, Fort Worth, Texas; and James

R. Talbot, national soils engineer, SCS, Washington, DC (retired). Danny
McCook developed the example problems.

Special recognition is given to the following Soil Conservation Service
engineers for their many helpful comments during the review process:
Philip N. Jones, Lincoln, Nebraska; Christine M. Portillo, Fort Worth,
Texas; William G. Hughey, Chester, Pennsylvania; and Clifton E. Deal,
Portland, Oregon.

Special thanks also to the following persons in the Technical Publishing
Section of the National Cartography and GIS Staff, SCS, Fort Worth, Texas:
Wendy Pierce for the graphic illustrations, Suzi Self for desktop publish-
ing, and Mary Mattinson for her editorial contributions.



(210-vi–NEH, October 1994) 26–5

Chapter 26 Gradation Design of Sand and

Gravel Filters

Part 633
National Engineering HandbookChapter 26 Gradation Design of Sand

and Gravel Filters

633.2600 Purpose 26–1

633.2601 Basic purpose of filters and drains 26–1

633.2602 Permeability and capacity 26–2

633.2603 Determining filter gradation limits 26–2

633.2604 Definitions 26–37

633.2605 References 26–37

633.2606 Appendixes

Appendix 26A Steps in Filter Design ........................................................ 26A–1

Appendix 26B Standard ASTM Aggregate Specifications ...................... 26B–1

Tables Table 26–1 Regraded gradation curve data 26–3

Table 26–2 Filtering criteria — Maximum D15 26–3

Table 26–3 Permeability criteria 26–3

Table 26–4 Other filter design criteria 26–3

Table 26–5 Maximum and minimum particle size criteria 26–4

Table 26–6 Segregation criteria 26–5

Table 26–7 Criteria for filters used adjacent to perforated 26–5

collector pipe

Table 26–8 Design specification gradation for example 26–1 soil 26–8

Table 26–9 Design specification gradation for example 26–2 soil 26–13

Table 26–10 Design specification gradation for example 26–16

26–2A soil

Table 26–11 Design specification limits for clayey gravel base soil 26–21

Table 26–12 The final selected design filter band gradation 26–25

for silty sand base soil

Contents:

26–iii



26–6 (210-vi–NEH, October 1994)

Chapter 26 Gradation Design of Sand and

Gravel Filters

Part 633
National Engineering Handbook

Table 26–13 Data for designed filter band 26–29

Table 26–14 Design filter band data for example 26–6 soil 26–34

Table 26B–1 Selected standard aggregate gradations 26–41

Figures Figure 26–1 Grain size distribution curve for fine clay base soil 26–9

Figure 26–2 Grain size distribution curve for silty sand with 26–14

gravel base soil—Category 3

Figure 26–2A Grain size distribution curve for silty sand with 26–17

gravel base soil where primary function is filter

Figure 26–2B Grain size distribution curve for silty sand 26–18

with gravel base soil

Figure 26–3 Grain size distribution curve for clayey gravel 26–22

base soil

Figure 26–4 Grain size distribution curve for silty sand base soil 26–26

Figure 26–5 Gravel filter band design 26–30

Figure 26–5A Gravel filter band design using an extended 26–31

coarse filter limit

Figure 26–6 Grain size distribution curve for very fine clay 26–36

base soil

Figure 26B–1 Standard aggregate gradations 26–43

26–iv



(210-vi–NEH, October 1994) 26–7

Chapter 26 Gradation Design of Sand and

Gravel Filters

Part 633
National Engineering Handbook

Examples Example 26–1 Fine clay base soil—Category 1 26–7

Example 26–2 Silty sand with gravel base soil—Category 3 26–11

Example 26–2A Silty sand with gravel base soil—Category 3 26–15

Example 26–3 Clayey gravel base soil—Category 2 26–19

Example 26–4 Silty sand base soil—Category 4 26–23

Example 26–5 Design of a coarse filter to be compatible 26–27

with a previously designed fine filter and used

around a perforated pipe

Example 26–6 Very fine clay base soil—Category 1 26–33

26–v



(210-vi–NEH, October 1994) 26–1

Chapter 26 Gradation Design of Sand and

Gravel Filters

Part 633
National Engineering Handbook

633.2600 Purpose

Chapter 26 presents criteria for determining the grain-
size distribution (gradation) of sand and gravel filters
needed to prevent internal erosion or piping of soil in
embankments or foundations of hydraulic structures.

These criteria are based on results of an extensive
laboratory filter study carried out by the Soil Conser-
vation Service at the Soil Mechanics Laboratory in
Lincoln, Nebraska, from 1980 to 1985. (See Section
633.2605, References, for published reports.)

Refer to section 633.2604 for definitions used in this
chapter.

633.2601 Basic purpose of
filters and drains

Filters are placed in embankment zones, foundations,
or other areas of hydraulic structures for two pur-
poses:

• To intercept water flowing through cracks or
openings in a base soil and block the move-
ment of eroding soil particles into the filter.
Soil particles are caught at the filter face,
reducing the flow of water through cracks or
openings and preventing further erosion and
enlargement of the cracks or openings.

• To intercept water flowing through the pores
of the base soil, allowing passage of the water
while preventing movement of base soil par-
ticles. Without filters, piping of susceptible
base soils can occur when seepage gradients
or pressures are high enough to produce
erosive discharge velocities in the base soil.
The filter zone is generally placed upstream of
the discharge point where sufficient confine-
ment prevents uplift or blow-out of the filter.

Drains consist of sand, gravel, or a sand and gravel
mixture placed in embankments, foundations, and
backfill of hydraulic structures, or in other locations to
reduce seepage pressure. A drain’s most important
design feature is its capacity to collect and carry water
to a safe outlet at a low gradient or without pressure
build-up. Drains are often used downstream of or in
addition to a filter to provide outlet capacity.

Combined filters and drains are commonly used. The
filter is designed to function as a filter and as a drain.

Chapter 26 Gradation Design of Sand and
Gravel Filters
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633.2602 Permeability and
capacity

The laboratory filter study clearly demonstrated that
graded filters designed in accordance with these
criteria will seal a crack. The sealing begins when
water flows through a crack or opening and carries
soil particles eroded from the sides of the openings.
Eroding soil particles collect on the face of the filter
and seal the crack at the interface. Any subsequent
flow is through the pores of the soil. If filters are
designed to intercept cracks, the permeability required
in the filter zone should be based on the steady state
seepage flow through the pores of the base soil alone.
The hydraulic capacity of any cracks need not be
considered in designing the filter because the cracks
have been shown to seal.

Where saturated steady-state seepage flow will not
develop, for instance in dry dams for flood control
having a normal drawdown time of 10 days or less,
filter capacity need only be nominal. Filters designed
either to protect against steady state seepage or inter-
nal erosion through cracks are to be thick enough to
compensate for potential segregation and contamina-
tion of the filter zones during construction. They must
also be thick enough that cracks cannot extend
through the filter zone during any possible differential
movements.

A zone of coarser materials immediately downstream
or below the filter, or both, provides additional capac-
ity to collect and convey seepage to a controlled
outlet. In some cases a strip drain is used, and in
others a perforated collector pipe is employed to
outlet the collected seepage. To prevent movement of
the filter materials into the coarse drain materials, the
coarse drain materials must be designed for the proper
gradation using procedures in this subchapter. Perfo-
rations in collector pipes must also be sized properly
to prevent movement of the coarse drain materials
into the perforations.

633.2603 Determining fil-
ter gradation limits

Determine filter gradation limits using the following
steps:

Step 1: Plot the gradation curve (grain-size

distribution) of the base soil material. Use enough
samples to define the range of grain sizes for the base
soil or soils. Design the filter using the base soil that
requires the smallest D15 size for filtering purposes.
Base the design for drainage purposes on the base soil
that has the largest D15 size.

Step 2: Proceed to step 4 if the base soil contains

no gravel (material larger than No. 4 sieve).

Step 3: Prepare adjusted gradation curves for

base soils that have particles larger than the

No. 4 (4.75 mm) sieve.

• Obtain a correction factor by dividing 100 by
the percent passing the No. 4 (4.75 mm) sieve.

• Multiply the percentage passing each sieve
size of the base soil smaller than No. 4 (4.75
mm) sieve by the correction factor deter-
mined above.

• Plot these adjusted percentages to obtain a
new gradation curve.

• Use the adjusted curve to determine the per-
centage passing the No. 200 (0.075 mm) sieve
in step 4.

Step 4: Place the base soil in a category deter-

mined by the percent passing the No. 200 (0.075

mm) sieve from the regraded gradation curve

data according to table 26–1.

Step 5: To satisfy filtration requirements, deter-

mine the maximum allowable D15 size for the

filter in accordance with the table 26–2.

If desired, the maximum D15 may be adjusted for
certain noncritical uses of filters where significant
hydraulic gradients are not predicted, such as bedding
beneath riprap and concrete slabs. For fine clay base
soil that has d85 sizes between 0.03 and 0.1 mm, a maxi-
mum D15 of ≤ 0.5 mm is still conservative. For fine-
grained silt that has low sand content, plotting below the
"A" line, a maximum D15 of 0.3 mm may be used.
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Step 6: If permeability is a requirement (see
section 633.2602), determine the minimum allow-

able D15 in accordance with table 26–3. Note: The
permeability requirement is determined from the d15

size of the base soil gradation before regrading.

Step 7: The width of the allowable filter design

band must be kept relatively narrow to prevent

the use of possibly gap-graded filters. Adjust the

maximum and minimum D15 sizes for the filter

band determined in steps 5 and 6 so that the

ratio is 5 or less at any given percentage passing

of 60 or less. Criteria are summarized in table 26–4.

Table 26–1 Regraded gradation curve data

Base % finer than Base
soil No. 200 sieve soil
category (0.075 mm) description

(after regrading,
where applicable)

1 > 85 Fine silt and clays

2 40 – 85 Sands, silts, clays, and silty
& clayey sands

3 15 – 39 Silty & clayey sands and
gravel

4 < 15 Sands and gravel

Table 26–2 Filtering criteria — Maximum D15

Base soil Filtering criteria
category

1 ≤ 9 x d85 but not less than 0.2 mm

2 ≤ 0.7 mm

3 ≤ −
−







×( ) −[ ] +40
40 15

4 0 7 0 785
A

d mm mm. .

A = % passing #200 sieve after regrading
(If 4 x d85 is less than 0.7 mm, use 0.7
mm)

4 ≤ 4 x d85 of base soil after regrading

This step is required to avoid the use of gap-graded
filters. The use of a broad range of particle sizes to
specify a filter gradation could result in allowing the
use of gap-graded (skip-graded) materials. These
materials have a grain size distribution curve with
sharp breaks or other undesirable characteristics.
Materials that have a broad range of particle sizes may
also be susceptible to segregation during placement.
The requirements of step 9 should prevent segregation,
but other steps are needed to eliminate the use of any
gap-graded filters.

Gap-graded materials generally can be recognized by
simply looking at their grain size distribution curve.
However, for specification purposes, more precise
controls are needed. In designing an acceptable filter
band using the preliminary control points obtained in
steps 1 through 6, the following additional require-
ments should be followed to decrease the probability
of using a gap-graded filter.

Table 26–3 Permeability criteria

Base soil category Minimum D15

All categories ≥ 4 x d15 of the base soil before
regrading, but not less than 0.1 mm

Table 26–4 Other filter design criteria

Design element Criteria

To prevent The width of the designed filter
gap-graded band should be such that the ratio
filters of the maximum diameter to the

minimum diameter at any given
percent passing value ≤ 60% is ≤ 5.

Filter band Coarse and fine limits of a filter
limits band should each have a coefficient

of uniformity of 6 or less.
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First, calculate the ratio of the maximum D15 to the
minimum D15 sizes determined in steps 5 and 6. If this
ratio is greater than 5, adjust the values of these con-
trol points so that the ratio of the maximum D15 to the
minimum D15 is no greater than 5. If the ratio is 5 or
less, no adjustments are necessary. Label the maxi-
mum D15 size as Control point 1 and the minimum D15

size as Control point 2. Proceed to step 8.

The decision on where to locate the final D15 sizes
within the range established with previous criteria
should be based on one of the following consider-
ations:

1. Locate the design filter band at the maximum
D15 side of the range if the filter will be re-
quired to transmit large quantities of water
(serve as a drain as well as a filter). With the
maximum D15 size as the control point, estab-
lish a new minimum D15 size by dividing the
maximum D15 size by 5, and locate a new
minimum D15 size. Label the maximum D15 size
Control point 1 and the minimum D15 size
Control point 2.

2. Locate the band at the minimum D15 side of
the range if it is probable there are finer base
materials than those sampled and filtering is
the most important function of the zone. With
the minimum D15 size as the control point,
establish a new maximum D15 size by multiply-
ing the minimum D15 size by 5, and locate a
new maximum D15 size. Label the maximum
D15 size Control point 1 and the minimum D15

size Control point 2.

3. The most important consideration may be to
locate the maximum and minimum D15 sizes,
within the acceptable range of sizes deter-
mined in steps 5 and 6, so that a standard
gradation available from a commercial source
or other gradations from a natural source near
the site would fall within the limits. Locate a
new maximum D15 and minimum D15 within
the permissible range to coincide with the
readily available material. Ensure that the ratio
of these sizes is 5 or less. Label the maximum
D15 size Control point 1 and the minimum D15

size Control point 2.

Step 8: The designed filter band must not have

an extremely broad range of particle sizes to

prevent the use of possibly gap-graded filters.

Adjust the limits of the design filter band so that

the coarse and fine sides have a coefficient of

uniformity of 6 or less. The width of the filter

band should be such that the ratio of maximum

to minimum diameters is less than or equal to 5

for all percent passing values of 60 or less.

Other filter design criteria in step 8

To prevent gap-graded filters—Both sides of the
design filter band will have a coefficient of uniformity,
defined as:

CU
D
D

= ≤60

10
6

Initial design filter bands by this step will have CU
values of 6. For final design, filter bands may be ad-
justed to a steeper configuration, with CU values less
than 6, if needed. This is acceptable so long as other
filter and permeability criteria are satisfied.

Calculate a maximum D10 value equal to the maximum
D15 size divided by 1.2. (This factor of 1.2 is based on
the assumption that the slope of the line connecting
D15 and D10 should be on a coefficient of uniformity of
about 6.) Calculate the maximum permissible D60 size
by multiplying the maximum D10 value by 6. Label this
Control point 3.

Determine the minimum allowable D60 size for the fine
side of the band by dividing the determined maximum
D60 size by 5. Label this Control point 4.

Step 9: Determine the minimum D5 and maxi-

mum D100 sizes of the filter according to table

26–5. Label as Control points 5 and 6, respectively.

Table 26–5 Maximum and minimum particle size criteria*

Base soil category Maximum D100  Minimum D5, mm

All categories ≤ 3 inches 0.075 mm
(75 mm) (No. 200  sieve)

* The minus No. 40 (.425 mm) material for all  filters must be
nonplastic as determined in accordance with ASTM D4318.
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Step 10: To minimize segregation during con-

struction, the relationship between the maximum

D90 and the minimum D10 of the filter is impor-

tant. Calculate a preliminary minimum D10 size

by dividing the minimum D15 size by 1.2. (This

factor of 1.2 is based on the assumption that the

slope of the line connecting D15 and D10 should

be on a coefficient of uniformity of about 6.)

Determine the maximum D90 using table 26–6.

Label this as Control point 7.

Sand filters that have a D90 less than about 20 mm
generally do not require special adjustments for the
broadness of the filter band. For coarser filters and
gravel zones that serve both as filters and drains, the
ratio of D90/D10 should decrease rapidly with increas-
ing D10 sizes.

Step 11: Connect Control points 4, 2, and 5 to

form a partial design for the fine side of the

filter band. Connect Control points 6, 7, 3, and 1

to form a design for the coarse side of the filter

band. This results in a preliminary design for a

filter band. Complete the design by extrapolating

the coarse and fine curves to the 100 percent

finer value. For purposes of writing specifica-

tions, select appropriate sieves and correspond-

ing percent finer values that best reconstruct the

design band and tabulate the values.

Table 26–6 Segregation criteria

Base soil category If D10 is : Then maximum D90 is:

(mm) (mm)
All categories < 0.5 20

0.5 – 1.0 25
1.0 – 2.0 30
2.0 – 5.0 40
5.0 – 10 50

> 10 60

Step 12: Design filters adjacent to perforated

pipe to have a D85 size no smaller than shown in

table 26–7. For critical structure drains where rapid
gradient reversal (surging) is probable, it is recom-
mended that the D15 size of the material surrounding
the pipe be no smaller than the perforation size.

Additional design considerations: Note that these
steps provide a filter band design that is as well graded
as possible and still meets criteria. This generally
provides the most desirable filter characteristics.
However, in some cases a more poorly graded filter
band may be preferable; for example, if more readily
available standard gradations are needed or where
onsite filters are used for economy.

The design filter band obtained in steps 1 through 12
may be adjusted to a steeper configuration in such
cases. The width of the filter band should be main-
tained so that the ratio of the maximum diameters to
the minimum diameters at a given percent finer is no
greater than 5 below the 60 percent finer value.

Only the portion of the design filter band above the
previously established minimum and maximum D15

sizes should be adjusted. The design band may be
adjusted so that the coefficients of uniformity of both
the coarse and fine sides of the design band are less
than 6, but not less than 2, to prevent use of very
poorly graded filters.

Table 26–7 Criteria for filters used adjacent to perforated
collector pipe

Noncritical drains The filter D85 must be greater
where surging or than or equal to the
gradient reversal is perforation size
not anticipated

Critical drains where The filter D15 must be greater
surging or gradient than or equal to the
reversal is anticipated perforation size.
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Note that the requirements for coefficient of unifor-
mity apply only to the coarse and fine limits of the
design filter band. It is possible that an individual,
acceptable filter whose gradation plots completely
within the specified limits could have a coefficient of
uniformity greater than 6 and still be perfectly accept-
able. The design steps of this procedure will prevent
acceptance of gap-graded filters, which is the main
concern associated with filters having a high coeffi-
cient of uniformity, and it is not necessary to closely
examine the coefficient of uniformity of a particular
filter as long as it plots within the design filter band.

Illustrations of these filter design steps are in the
following examples. The steps in the filter design
process are summarized in appendix 26A. The sum-
mary is useful to follow as the example problems are
reviewed.
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Given: The most important function of the filter
being designed is to act as a filter.

Step 1: Plot the gradation curve of the base soil
material.

Refer to figure 26–1 for the plotted grain size distribu-
tion curve for this example clay base soil, labeled Base
soil. The plotted curve is from the following data:

Sieve size % passing

No 10 100
No. 200 90
0.05 mm 80
0.02 mm 60
0.005 mm 40
0.002 mm 32

Step 2: Proceed to step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve).

The example base soil has 100 percent finer than the
No. 4 sieve, and the grain size distribution curve does
not need to be regraded. Proceed to step 4.

Step 3: Not applicable because the base soil con-
tains no particles larger than the No. 4 sieve

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table 26–1.

The example soil has 90 percent finer than the No. 200
sieve. From table 26–1, the soil is in category 1.

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2.

The filtering criteria for base soil category 1 is (table
26–2): The maximum D15 of the filter will be less than
or equal to 9 times the d85 of the base soil, but not less
than 0.2 mm.

The d85 size of the base soil is 0.06 mm. Thus, the
maximum D15 of the filter is

≤ 9 x 0.06 = 0.54 mm (not < 0.2 mm)

This is labeled as Maximum D15 in figure 26–1.

Step 6: If permeability is a requirement (section
633.2602), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

The permeability criterion for all categories of base
soils is that the filter will have a minimum D15 of no
less than 4 times the d15 of the base soil (before any
regrading of the base soil), but will not be less than 0.1
mm in any case.

The example 26–1 base soil does not have a meaning-
ful d15 size. The data show that the base soil has 32
percent finer than 0.002 mm, the smallest commonly
determined particle size. Therefore, use the default
value of 0.1 mm for the minimum D15 of the filter. This
value is the preliminary value for minimum D15. Pro-
ceed to step 7 for any needed adjustments.

Step 7: The width of the allowable filter design band
must be kept relatively narrow to prevent the use of
possibly gap-graded filters. Adjust the maximum and
minimum D15 sizes for the filter band determined in
previous steps 5 and 6 so that the ratio is 5 or less, at
any given percent passing of 60 or less. Adjustments
may be required based on the following consider-
ations.

For example 26–1, the ratio of the maximum D15 to the
minimum D15 sizes is equal to 0.54 / 0.1 = 5.4. Because
the value is slightly greater than 5, a slight adjustment
is needed in this step. The minimum D15 is the control
because filtering is stated as the most important pur-
pose. Label this as Control point 2. Determine an
adjusted maximum D15 size for the final design filter
band as equal to the minimum D15 size, 0.10 x 5 = 0.50
mm. This is the final Control point 1 labeled in figure
26–1. Go to step 8.

Example 26–1 Fine clay base soil—Category 1
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Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent
using possibly gap-graded filters. Adjust the limits of
the design filter band so that coarse and fine sides of
the filter band have a coefficient of uniformity of 6 or
less. Width of the filter band should be such that the
ratio of maximum to minimum diameters is less than or
equal to 5 for all percent passing values of 60 or less.

For example 26–1, calculate a value for maximum D10

by dividing the maximum D15 size of 0.5 mm (deter-
mined in step 7) by 1.2 = 0.42 mm. Determine the value
for the maximum D60 size by multiplying the value of
D10 by 6 = 0.42 x 6 = 2.5 mm. Label this as Control
point 3.

Determine the minimum allowable D60 size for the fine
side of the band by dividing the determined maximum
D60 size by 5:

D60

5
2 5
5

0 50= =.
.

Label this Control point 4.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26–5.

This table shows that filters must have a D5 greater
than or equal to 0.075 mm, equal to the No. 200 sieve
size. Label this value as Control point 5 in figure 26–1.

It also shows that filters must have a D100 of less than
or equal to 3 inches. Label this value as Control point 6
in figure 26–1.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.

Calculate the minimum D10 size of the preliminary
filter band as equal to the minimum D15 value of 0.1
mm (obtained in step 6) divided by 1.2:

0.10 / 1.2 = 0.083 mm

Table 26–6 lists maximum D90 sizes for filters for a
range of D10 sizes. Because the D10 value is less than
0.5 mm, the maximum D90 size is 20 mm. Label this
value as Control point 7 in figure 26–1.

Step 11: Connect Control points 4, 2, and 5 to form a
partial design for the fine side of the filter band. Con-
nect Control points 6, 7, 3, and 1 to form a partial
design for the coarse side of the filter band.

Complete the design of the filter band by extrapolating
the coarse and fine curves to the 100 percent finer
value. For purposes of writing specifications, select
appropriate sieves and corresponding percent finer
values that best reconstruct the design band and
tabulate the values.

Refer to figure 26–1 for an illustration of the complete
filter design. Note that adjustments have been made in
straight line portions of the design band to intercept
even values for percent passing at standard sieve sizes
and to prevent the use of very broadly graded filters.
The final design specified gradation is shown in table
26–8.

Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

For this example, the filter will not be used around a
perforated collector pipe, so step 12 is not applicable.

Additional design considerations: For this
example, ASTM C-33 concrete sand falls well within
the design band. Because this is a fairly standard,
readily available gradation, no adjustments in the
design band appear warranted. Selected ASTM Aggre-
gate Specifications are given in appendix 26B.

Table 26–8 Design specification gradation for example
26–1 soil

Sieve size % passing

1 inch 100
3/4 inch 90–100
No. 4 70–100
No. 10 52–100
No. 20 30–75
No. 60 0–40
No. 140 0–15
No. 200 0–5
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Figure 26–1 Grain size distribution curve for fine clay base soil
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Example 26–2 Silty sand with gravel base soil—
Category 3

Given: The most important function of the filter
being designed in this example is to act as a drain.

Step 1: Plot the gradation curve of the base soil
material.

Refer to figure 26–2 for the plotted grain size distribu-
tion curve for this example silty sand with gravel base
soil. The plotted curve is from the following data:

Sieve size % passing

3 inch 100
1 inch 90
3/8 inch 82
No 4 78
No. 10 72
No. 20 66
No. 40 54
No. 100 32
No. 200 20
0.005 mm 4
0.002 mm 2

Step 2: Proceed to step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve).

The example 26–2 base soil has particles larger than
the No. 4 sieve,  so the grain size distribution curve
should be regraded on the No. 4 sieve. Proceed to step
3:

Step 3: Prepare adjusted gradation curves for base
soils with particles larger than the No. 4 (4.75 mm)
sieve.

Determine the regrading factor by dividing the value
100 by the percent passing the No. 4 (4.75 mm) sieve
size. The regrading factor is:

100
78

1 28
%
%

.=

Using the original gradation analysis, plot a regraded
curve for 100 percent passing the No. 4 (4.75 mm)
sieve. The regraded percent passing values are equal
to the original percent passing values times the regrad-
ing factor.

Sieve size Original % Regraded %
passing passing

3 inch 100 —
1 inch 90 —
3/8 inch 82 —
No 4 78 100
No. 10 72 92
No. 20 66 85
No. 40 54 69
No. 100 32 41
No. 200 20 26
0.005 mm 4 5
0.002 mm 2 3

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table
26–1.

The example soil after regrading has 26 percent finer
than the No. 200 sieve. From table 26–1, the soil is in
category 3.

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2.

The filtering criteria for base soil category 3 is (table
26–2): The maximum D15 of the filter will be less than
or equal that given by the following expression:

D
A

d mm mm15 85
40

40 15
4 0 7 0 7≤

−( )
−( )













( )( ) −[ ] +. .
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Determine from the gradation curve of the regraded
base soil that the d85 size is 0.84 mm. From the re-
graded curve, the value of A is 26 percent. Then the
maximum D15 of the filter by the equation above is:

D mm mm

mm

15
40 26

40 15
4 0 84 0 7 0 7

2 2

≤
−( )
−( )













( )( ) −[ ] +

≤

. . .

.

This is labeled as Maximum D15 in figure 26–2.

Step 6: If permeability is a requirement (section
633.2603), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

The permeability criterion for all categories of base
soils is that the filter have a minimum D15 of no less
than 4 times the d15 of the base soil (before any regrad-
ing of the base soil), but not be less than 0.1 mm in any
case.

The example 26–2 base soil has a d15 size of 0.032
before regrading. The minimum D15 of the filter is 4 x
0.032 = 0.128 (acceptable because it is larger than 0.1
mm). Label this value as Minimum D15 in figure 26–2.

Step 7: The width of the allowable filter design band
must be kept relatively narrow to prevent the use of
possibly gap-graded filters. Adjust the maximum and
minimum D15 sizes for the filter band determined in
previous steps 5 and 6 so that the ratio is 5 or less at
any given percent passing of 60 or less. Adjustments
may be required based on the following considerations:

Determine the ratio of the maximum D15 size to the
minimum D15 sizes determined in previous steps. This
ratio is:

2 2
0 13

16 9
.
.

.
mm
mm

=

Because this ratio exceeds the criterion ratio of 5,
adjustments are required in the values.

It was given that the most important function of the
filter is to serve as a drain, so the maximum D15 is
selected as the control point, equal to 2.2 mm. Label
this value as Control point 1. To satisfy criteria, deter-
mine that the minimum D15 value is 1/5 of this value.

The minimum D15 value is then:

2 2
5

0 44
.

.
mm

mm=

Label this as Control point 2 in figure 26–2.

Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent the
use of possibly gap-graded filters. Adjust the limits of
the design filter band so that the coarse and fine sides
of the filter band have a coefficient of uniformity of 6
or less. The width of the filter band should be such
that the ratio of maximum to minimum diameters is
less than or equal to 5 for all percent passing values of
60 or less.

The value for maximum D10 is calculated to be the
maximum D15 size determine in step 7, divided by 1.2:

D
mm15

1 2
2 2
1 2

1 83
.

.

.
.= =

Calculate a value for the maximum D60. The maximum
D10 size times 6 is 1.83 x 6 = 11 mm. Label the maxi-
mum D60 size as Control point 3.

The minimum allowable D60 size is equal to the maxi-
mum D60 size divided by 5.

11
5

2 2= . mm

Label this as Control point 4 in figure 26–2.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26.5.

This table requires filters to have a D5 greater than or
equal to 0.075 mm, equal to the No. 200 sieve size.
Label this value as Control point 5 in figure 26–2.

It also shows that filters must have a D100 of less than
or equal to 3 inches. Label this value as Control point 6
in figure 26–2.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.
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Determine that the minimum D10 size is equal to the
minimum D15 size (determined in step 7) of 0.44 di-
vided by 1.2:

0 44
1 2

0 37
.
.

.= mm

Because the value of minimum D10 size is less than
0.5 mm, the maximum D90 size is 20 mm (table 26–6).
Label this value as Control point 7 in figure 26–4.

Step 11: Connect control points 4, 2, and 5 to form a
partial design for the fine side of the filter band. Con-
nect control points 6, 7, 3, and 1 to form a design for
the coarse side of the filter band.

Complete the design of the filter band by extrapolating
the coarse and fine curves to the 100 percent finer
value. For purposes of writing specifications, select
appropriate sieves and corresponding percent finer
values that best reconstruct the design band and
tabulate the values.

Refer to figure 26–2 for the completed filter band
design. Table 26–9 gives the final design specified
gradation. Note that all the control points are consid-
ered and that sieve sizes and corresponding percent
finer values are selected to best fit the design band.

Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

It is not given that this filter is to be used around a
collector pipe, so this criterion is not applicable.

Additional design considerations: The design filter
band does not coincide with standard, readily avail-
able aggregate gradations. Probably, a blend of stan-
dard aggregate gradations would be required to meet
this design. Adjustments to the filter according to this
step would not improve the availability. See following
examples where this adjustment would be applicable.
Using the design filter band, prepare the following
tabular listing of the design.

Table 26–9 Design specification gradation for example
26–2 soil

Sieve size % passing

3 inch 100
3/4 inch 90–100
1/2 inch 75–100
No. 4 40–100
No. 10 10–55
No. 20 0–30
No. 40 0–15
No. 100 0–9
No. 200 0–5
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Figure 26–2 Grain size distribution curve for silty sand with gravel base soil—Category 3

MATERIALS
TESTING REPORT

U.S. DEPARTMENT of AGRICULTURE
SOIL CONSERVATION SERVICE DRAIN MATERIALS

DATEBYDESIGNED AT

PROJECT and STATE

Form SCS 130
12-93

C
O

B
B

L
E

S
G

R
A

V
E

L
S

S
A

N
D

S
F

IN
E

S

R
E

M
A

R
K

S

G
R

A
IN

 S
IZ

E
 I

N
 M

IL
L

IM
E

T
E

R
S

10
0 90 85 80 70 60 40 30 20 15 10 050

10
0 90 85 80 70 60 40 30 20 15 10 050

PERCENT FINER BY DRY WEIGHT

0.001

0.002

0.005

0.01

0.02

0.03

0.04
0.05

0.1

0.2

0.3

0.4
0.5

1.0

2.0

3.0

4.0
5.0

10

20

30

40
50

100

200

300

400

USDA-SCS FORT WORTH, TEXAS 1993

(9.525)

(12.7)

(19.05)

(25.4)

(38.1)

(50.8)

(76.2)

(152.4)

(304.8)

S
IE

V
E

 O
P

E
N

IN
G

, 
( 

m
m

)

U
.S

. 
S

T
A

N
D

A
R

D
 S

IE
V

E
 S

IZ
E

# 200

# 140

# 100

# 60
# 50

# 40

# .30

# 20

# 16

# 10
# 8

# 4

3/8"

1/2"

3/4"

1"

1 1/2"

2"

3"

6"

12"

(0.074)

(0.105)

(0.149)

(0.250)
(0.297)

(0.42)

(0.59)

(0.84)

(1.19)

(2.0)
(2.38)

(4.76)

1 -
 2

.2
 m

m
2 

- 0
.4

4 
m

m
3 

- 1
1 m

m
 

4 
- 2

.2
 m

m
5 

- 0
.0

75
 m

m
6

 - 
3"

7 
- 2

0
 m

m
M

ax
 D

15
 =

 2
.2

 m
m

M
in

 D
15

 =
 0

.13
 m

m

M
in

 D
15

Example 2 - Silty sand with gravel base soil - Category 3

5

2
1

M
ax

 D
15

3

7

6

Pr
el

im
in

ar
y 

de
si

gn
 b

an
d

4

d 15
= 

0
.0

32
 m

m

Pr
el

im
in

ar
y 

de
si

gn
 b

an
d

d 8
5

= 
0

.8
4 

m
m

Re-graded base soil
Base soil

Final design filter band



26–14 (210-vi–NEH, October 1994)

Chapter 26 Gradation Design of Sand and

Gravel Filters

Part 633
National Engineering Handbook

Example 26–2A Silty sand with gravel base soil—
Category 3

Step 7: The width of the allowable filter design band
must be kept relatively narrow to prevent the use of
possibly gap-graded filters. Adjust the maximum and
minimum D15 sizes for the filter band determined in
steps 5 and 6 so that the ratio is 5 or less at any given
percent passing of 60 or less. Adjustments may be
required based on the following considerations.

Determine the ratio of the maximum D15 size to the
minimum D15 sizes determined in previous steps:

2 2
0 13

16 9
.
.

.
mm
mm

=

Because this ratio exceeds the criterion ratio of 5,
adjustments are required in the values.

The most important function of the filter is to serve as
a filter, so the minimum D15 is selected as the control
point, equal to 0.13 mm. Label this Control point 2. To
satisfy criteria, determine that the maximum D15 value
is 5 times this value. The maximum D15 value is:

 0.13 x 5 = 0.65 mm

Label this as Control point 1 in figure 26–2A.

Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent the
use of possibly gap-graded filters. Adjust the limits of
the design filter band so that the coarse and fine sides
of the filter band have a coefficient of uniformity of 6
or less. The width of the filter band should be such that
the ratio of maximum to minimum diameters is less than
or equal to 5 for all percent passing values of 60 or less.

A value for maximum D10 is calculated by dividing the
maximum D15 size (determine in step 7) by 1.2.

0 65
1 2

0 54
.
.

.= mm

Calculate a value for the maximum D60 by multiplying
the maximum D10 size times 6:

0.54 x 6 = 3.24 mm

Label the maximum D60 size as Control point 3.

This example uses the same base soil as that in

example 26–2. It is assumed that the most important

function of the filter being designed is to act as a

filter. Example 26–2 assumed the most important

function was to act as a drain. Note the differences

in the design steps.

Step 1: Plot the gradation curve of the base soil mate-
rial. This step is the same as that in example 26–2. Refer
to figure 26–2A for the plotted grain size distribution
curve for this example silty sand with gravel base soil.

Step 2: Proceed to step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve). Because
the example 26–2 base soil has particles larger than
the No. 4 sieve, the grain size distribution curve should
be regraded on the No. 4 sieve. Proceed to step 3.

Step 3: Prepare adjusted gradation curves for base
soils with particles larger than the No. 4 (4.75 mm)
sieve. This step is the same as that for example 26–2.
Refer to that example and see figure 26–2A.

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table 26–1. This step is the same as that for example
26–2. The soil is in category 3.

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2. This step is the same as that for
example 26–2. The maximum D15 size is 2.2 mm. This
is labeled as Maximum D15 in figure 26–2A.

Step 6: If permeability is a requirement (section
633.2603), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

The example 26–2A base soil has a d15 size of 0.032
mm before regrading. The value of minimum D15 of the
filter is 4 x 0.032 = 0.128 mm (acceptable because it is
larger than 0.1 mm). Label this value as Minimum D15

in figure 26–2A.
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The minimum allowable D60 size is equal to the maxi-
mum D60 size divided by 5:

3 24
5

0 65
.

.= mm

Label this as Control point 4 in figure 26–2A.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26–5.

This table shows that filters must have a D5 greater
than or equal to 0.075 mm, equal to the No. 200 sieve
size. Label this value as Control point 5 in figure 26–2A.

It also shows that filters must have a D100 of less than
or equal to 3 inches. Label this value as Control point 6
in figure 26–2A.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.

This table lists maximum D90 sizes for filters for a
range of D10 sizes. Calculate the minimum D10 size as
equal to the minimum D15 size (determined in step 7)
of 0.13 mm divided by 1.2:

0 13
1 2

0 11
.
.

.= mm

Because the value is less than 0.5 mm, the maximum
D90 size is 20 mm (table 26–6). Label this value as
Control point 7 in figure 26–2A.

Step 11: Connect control points 4, 2, and 5 to form a
partial design for the fine side of the filter band. Con-
nect control points 6, 7, 3, and 1 to form a design for
the coarse side of the filter band.

Complete the design of the filter band by extrapolating
the coarse and fine curves to the 100 percent finer
value. For purposes of writing specifications, select
appropriate sieves and corresponding percent finer
values that best reconstruct the design band and
tabulate the values.

Refer to figure 26–2A for the completed filter band
design. The design is also tabulated in table 26–10.

Note that the control points are considered and that
relatively even percent finer values are selected for
standard sieve sizes for ease in writing specifications.

Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

It is not given that this filter is to be used around a
collector pipe, so this criterion is not applicable.

Additional design considerations: The design filter
band coincides fairly well with a standard, readily
available aggregate gradation, ASTM C-33 fine aggre-
gate for concrete. However, a slight adjustment in the
filter design would make it more compatible with this
standard gradation. The filter band can be adjusted to
a more poorly graded configuration, a CU value of less
than 6. Note that this is accomplished without violat-
ing other filtering or permeability criteria. Figure 26–
2B shows how the original filter band design shown in
figure 26–2A could be slightly altered to a steeper
sloping band for the filter limits without violating any
of the criteria previously covered.

The final filter design specification limits selected for
example 26–2A, before and after possible adjustment,
are shown in table 26–10.

Table 26–10 Design specification gradation for
example 26–2A soil

Sieve size Fig. 26–2A before Fig. 26–2B after
adjustment adjustment
(% passing) (% passing)

3 inch 100
3/4 inch 90–100
1/2 inch 85–100 100
No. 4 70–100 80–100
No. 10 45–100 60–100
No. 20 20–65 20–100
No. 40 0–45 0–60
No. 60 0–30 0–35
No. 100 0–17 0–17
No. 200 0–5 0–5
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Figure 26–2A Grain size distribution curve for silty sand with gravel base soil where primary function is filter
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Figure 26–2B Grain size distribution curve for silty sand with gravel base soil (adjusting limits)
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Example 2 - Adjusting filter design to suit available standard gradation

Figure B-3
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Given: The most important function of the filter
being designed is to act as a filter.

Step 1: Plot the gradation curve of the base soil
material.

Refer to figure 26–3 for the plotted grain size distribu-
tion curve for this example clayey gravel base soil,
labeled Base soil. The plotted curve is from the follow-
ing data:

Sieve size % passing

3 inch 100
1 inch 73
3/4 inch 66
1/2 inch 59
No. 4 47
No. 40 34
No. 60 31
No. 200 28
0.05 mm 26
0.02 mm 25
0.005 mm 18
0.002 mm 13

Step 2: Proceed to step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve).

Because the example 26–3 base soil has particles
larger than the No. 4 sieve, the grain size distribution
curve should be regraded on the No. 4 sieve. Proceed
to step 3.

Step 3: Prepare adjusted gradation curves for base
soils with particles larger than the No. 4 (4.75 mm)
sieve.

Determine the regrading factor by dividing the value
100 by the percent passing the No. 4 (4.75 mm) sieve
size. The regrading factor is

100
47

2 13
%
%

.=

Using the original gradation analysis, plot a regraded
curve for 100 percent passing the No. 4 (4.75 mm)
sieve. The regraded percent passing values are equal
to the original percent passing values times the regrad-
ing factor.

Sieve size Original Regraded
% passing % passing

3 inch 100 —
1 inch 73 —
3/4 inch 66 —
1/2 inch 59 —
No. 4 47 100
No. 40 34 72
No. 60 31 66
No. 200 28 60
0.05 mm 26 55
0.02 mm 25 53
0.005 mm 18 38
0.002 mm 13 28

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table 26–1.

The example 26–3 base soil after regrading has 60
percent finer than the No. 200 sieve. From table 26–1,
the soil is in category 2.

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2.

This table shows the filtering criteria for base soil
category 2 as follows. The maximum D15 of the filter
will be less than or equal to 0.7 mm. This is labeled as
Maximum D15 in figure 26–3.

Step 6: If permeability is a requirement (section
633.2602), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

Example 26–3 Clayey gravel base soil—Category 2
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The permeability criterion for all categories of base
soils is that the filter have a minimum D15 of no less
than 4 times the d15 of the base soil (before any regrad-
ing of the base soil), but will not be less than
0.1 mm in any case.

The example 26–3 base soil has a d15 size of about
0.0028 mm before regrading. Using the criterion, the
minimum D15 of the filter would be 4 x 0.0028 = 0.011
mm. However, table 26–3 also shows that the mini-
mum D15 is 0.1 mm. Label this value as minimum D15 in
figure 26–3.

Step 7: The width of the allowable filter design band
must be kept relatively narrow to prevent the use of
possibly gap-graded filters. Adjust the maximum and
minimum D15 sizes for the filter band determined in
steps 5 and 6 so that the ratio is 5 or less at any given
percent passing of 60 or less. Adjustments may be
required based on the following considerations:

Determine the ratio of the maximum D15 to the mini-
mum D15 sizes:

0 7
0 1

7
.
.

mm
mm

=

Because this value exceeds the criterion of 5, adjust-
ment in the values is required. The most important
function of this design filter is to act as a filter, so the
minimum D15 value becomes controlling and is un-
changed. Label this value Control point 2 in figure
26–3. Then, the maximum D15 value is 5 times this, or
5 x 0.1 mm = 0.5 mm. Label this as Control point 1 in
figure 26–3.

Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent the
use of possibly gap-graded filters. Adjust the limits of
the design filter band so that the coarse and fine sides
of the filter band have a coefficient of uniformity of 6
or less. The width of the filter band should be such
that the ratio of maximum to minimum diameters is
less than or equal to 5 for all percent passing values of
60 or less

Calculate a value for the maximum D10 size as equal to
the maximum D15 size determined in Step 7 divided by
1.2:

0 5
1 2

0 42
.
.

.= mm

The value for the maximum D60 is calculated using the
maximum D10 size times 6:

0.42 x 6 = 2.52 mm

Label the maximum D60 size as Control point 3.

The minimum allowable D60 size is then:

D
mm60

5
2 52

5
0 50= =.
.

Label this as Control point 4 in figure 26–3.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26–5.

This table shows that filters must have a D5 greater
than or equal to 0.075 mm, equal to the No. 200 sieve
size. Label this value as Control point 5 in figure 26–3.

Table 26–5 also shows that filters must have a D100 of
less than or equal to 3 inches. Label this value as
Control point 6 in figure 26–3.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.

Table 26–6 lists maximum D90 sizes for filters for a
range of D10 sizes. Calculate a value for minimum D10

size by dividing the minimum D15 size determined in
Step 7 by 1.2:

0 1
1 2

0 083
.
.

.= mm

Because the value is less than 0.5 mm, the maximum
D90 size is 20 mm (table 26–6). Label this value as
Control point 7 in figure 26–3.

Step 11: Connect Control points 4, 2, and 5 to form a
partial design for the fine side of the filter band. Con-
nect Control points 6, 7, 3, and 1 to form a design for
the coarse side of the filter band. Complete the design
of the filter band by extrapolating the coarse and fine
curves to the 100 percent finer value. For purposes of
writing specifications, select appropriate sieves and
corresponding percent finer values that best recon-
struct the design band and tabulate the values.
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See figure 26–3 for the final filter band design.

Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

It is not given that this filter is to be used around a
collector pipe, so this criterion is not applicable.

Additional design considerations: Standard Con-
crete Sand, ASTM C–33, plots within this final design
band, so one may consider the design acceptable with
no further modifications. If onsite sand or other
cheaper filters could be located, some modification
could be considered. Possible specification limits are
shown in table 26–11.

Table 26–11 Design specification limits for clayey
gravel base soil

Sieve size % passing (1)

3 inch 100
3/4 inch 90–100
No. 4 70–100
No. 10 55–100
No. 20 30–75
No. 40 10–55
No. 50 0–45
No. 100 0–25
No. 200 0–5
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Figure 26–3 Grain size distribution curve for clayey gravel base soil
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Given: The most important function of the filter
being designed is to act as a filter.

Step 1: Plot the gradation curve of the base soil
material.

Refer to figure 26–4 for the plotted grain size distribu-
tion curve for this example silty sand base soil, labeled
Base soil. The plotted curve is from the following data.

Sieve size % passing

No. 20 100
No. 40 94
No. 60 44
No. 140 14
0.05 mm 12
0.02 mm 10
0.005 mm 7
0.002 mm 4

Step 2: Proceed to Step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve).

Because the example 26–4 base soil has 100 percent of
its particles finer than the No. 20 sieve, it has no par-
ticles larger than the No. 4 sieve. Therefore, the grain
size distribution curve does not have to be regraded.
Proceed to step 4.

Step 3: This step is not applicable because the base
soil contains no particles larger than the No. 4 sieve.
Go to step 4.

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table 26–1.

The example 26–4 base soil has 13 percent finer than
the No. 200 sieve, determined from examination of the
plotted grain size distribution curve in figure 26–4.
From table 26–1, the soil is in category 4.

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2.

The filtering criterion for base soil category 4 (table
26–2) is that the maximum D15 of the filter will be less
than or equal to 4 times the d85 of the base soil.

The d85 of the base soil from the plotted grain size
distribution curve in figure 26–4 is 0.39 mm. The
maximum D15 is:

 4 x 0.39 mm = 1.56 mm

Label this as Maximum D15 in figure 26–4.

Step 6: If permeability is a requirement (section
633.2602), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

The permeability criterion for all categories of base
soils is that the filter have a minimum D15 of no less
than 4 times the d15 of the base soil (before any regrad-
ing of the base soil), but not be less than 0.1 mm in any
case.

The example 26–4 base soil has a d15 size of 0.12 mm
before regrading. Using the criterion, the minimum D15

of the filter would be 4 x 0.12 = 0.48. This is greater
than the minimum required D15 of 0.1 mm, so it is
acceptable. Label this value as Minimum D15 in figure
26–4.

Step 7: The width of the allowable filter design band
must be kept relatively narrow to prevent the use of
possibly gap-graded filters. Adjust the maximum and
minimum D15 sizes for the filter band determined in
steps 5 and 6 so that the ratio is 5 or less at any given
percent passing of 60 or less. Adjustments may be
required based on the following considerations.

The ratio of the maximum D15 to the minimum D15 is:

1 56
0 48

3 3
.
.

.=

Example 26–4 Silty sand base soil—Category 4
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Because this value is less than the criterion value of 5,
no adjustment is necessary. Label the maximum D15

and minimum D15 sizes as Control points 1 and 2,
respectively, and proceed to the next consideration.

Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent the
use of possibly gap-graded filters. Adjust the limits of
the design filter band so that the coarse and fine sides
of the filter band have a coefficient of uniformity of 6
or less. The width of the filter band should be such
that the ratio of maximum to minimum diameters is
less than or equal to 5 for all percent passing values of
60 or less.

Calculate a value for the maximum D10 size as equal to
the maximum D15 size (determined in Step 7) divided
by 1.2:

1 56
1 2

1 3
.
.

.= mm

Calculate a value for the maximum D60 by multiplying
the maximum D10 size times 6:

1.3 x 6 = 7.8 mm

Label the maximum D60 size as Control point 3.

The minimum allowable D60 size is:

7 8
5

1 56
.

.= mm

Label this as Control point 4 in figure 26–4.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26–5.

This table shows that filters must have a D5 greater
than or equal to 0.075 mm, equal to the No. 200 sieve
size. Label this value as Control point 5 in figure 26–4.

The table also shows that filters must have a D100 of
less than or equal to 3 inches. Label this value as
Control point 6 in figure 26–4.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.

Table 26–6 lists maximum D90 sizes for filters for a
range of D10 sizes. Calculate a value for minimum D10

size by dividing the minimum D15 size determined in
step 7 by 1.2:

0 48
1 2

0 40
.
.

.= mm

Because the D10 size is less than 0.5 mm, the maximum
D90 size is 20 mm (table 26–6). Label this value as
Control point 7 in figure 26–4.

Step 11: Connect Control points 4, 2, and 5 to form a
partial design for the fine side of the filter band. Con-
nect Control points 6, 7, 3, and 1 to form a design for
the coarse side of the filter band. Complete the design
of the filter band by extrapolating the coarse and fine
curves to the 100 percent finer value. For purposes of
writing specifications, select appropriate sieves and
corresponding percent finer values that best recon-
struct the design band and tabulate the values.

Refer to figure 26–4 for the selected filter band drawn.
Table 26–12 lists the sieve/percent finer values se-
lected.

Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

The filter is not being used adjacent to a collector
pipe, so this step is not applicable.
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Additional design considerations: The specified
filter band does not meet standard aggregate grada-
tions. The band is more coarse than C–33 concrete
sand, and it is finer than the standard gravel gradations
(see appendix 26B). Possibly, the required filter grada-
tion could be met by blending standard available
gradations.

Consider adjustments in the steepness of the final
design filter band shown in figure 26–4 if these adjust-
ments would allow the use of such blends or other
readily available gradations. The filter band may be
adjusted to a steeper configuration, with a coefficient
of uniformity of less than 6, but all the other criteria
must still be met. Example 26–2A illustrated such an
adjustment in the design filter band.

Table 26–12 The final selected design filter band
gradation for silty sand base soil

Sieve size % passing

3 inch 100
3/4 inch 90–100
No. 4 50–100
No. 10 25–70
No. 20 0–35
No. 40 0–14
No. 60 0–10
No. 200 0–5
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Figure 26–4 Grain size distribution curve for silty sand base soil
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The base soil for this example is the filter band ob-
tained in the design for example 26–1. The base soil in
this case is actually a band of soil gradations specify-
ing a suitable sand filter. The sand filter was designed
to protect a silty clay base soil.

Example 26–5 illustrates how to design a gravel filter
band to be compatible with the finer sand filter previ-
ously designed. In the first part of this example it is
understood that the gravel filter will not be used
around perforated collector pipe, but some other type
of outlet of seepage is employed. The second part of
this example illustrates how the design of a coarse
filter is changed if perforated pipe is used.

Step 1: Plot the gradation curve of the base soil
material. In example 26–5, the base soil is actually a
band of possible filter gradations. The filter band that
was obtained in example 26–1 is used. Refer to the
plotted grain size distribution curve for this example,
labeled Fine filter in figure 26–5. The plotted band is
from the following data:

Sieve size % passing

1 inch 100
3/4 inch 90–100
No. 4 70–100
No. 10 52–100
No. 20 30–75
No. 60 0–40
No. 140 0–15
No. 200 0–5

Step 2: Proceed to step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve).

Only the fine side of the specified filter band need be
considered for this step because the finest base soil
controls the filter criteria. Because the fine side of the
filter band has no particles larger than the No. 4 sieve,
step 3 is skipped. Proceed to step 4.

Step 3: Not applicable because the base soil con-
tains no particles larger than the No. 4 Sieve.

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table 26–1.

Example 26–5 base filter band has from 0 to 5 percent
finer than the No. 200 sieve, determined from exami-
nation of the plotted grain size distribution curve in
figure 26–5. From table 26–1, the soil is in category 4.

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2.

This table states the filtering criteria for base soil
category 4 as: The maximum D15 of the filter will be
less than or equal 4 times the d85 of the base soil.

The finest gradation from the range of gradations
given by the base filter band will be controlling under
this criterion. The d85 of the fine side of the base filter
band from the plotted grain size distribution curve in
figure 26–5 is 1.2 mm. Then, 4 x 1.2 mm = 4.8 mm. This
is labeled as Maximum D15 in figure 26–5.

Step 6: If permeability is a requirement (section
633.2602), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

The permeability criterion for all categories of base soils
is that the filter have a minimum D15 of no less than 4
times the d15 of the base soil (before any regrading of the
base soil), but not be less than 0.1 mm in any case.

The coarse limit of the base filter band will control
under this criterion. Determine that the coarse limit
line for the base filter band has a maximum d15 size of
0.45 mm. Using the criterion, the minimum D15 of the
filter would be 4 x 0.45 = 1.8 mm. Label this value as
Minimum D15 in figure 26–5.

Example 26–5 Design of a coarse filter to be compatible
with a previously designed fine filter
and used around a perforated pipe
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Step 7: The width of the allowable filter design band
must be kept relatively narrow to prevent the use of
possibly gap-graded filters. Adjust the maximum and
minimum D15 sizes for the filter band determined in
steps 5 and 6 so that the ratio is 5 or less at any given
percent passing of 60 or less. Adjustments may be
required based on the following considerations.

The ratio of the maximum D15 to the minimum D15 is:

4 8
1 8

2 7
.
.

.=

Because this value is less than the criterion value of 5,
no adjustment is necessary. Label the values of maxi-
mum D15 and minimum D15 as Control points 1 and 2,
respectively, and proceed to step 8

Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent the
use of possibly gap-graded filters. Adjust the limits of
the design filter band so that the coarse and fine sides
of the filter band have a coefficient of uniformity of 6
or less. The width of the filter band should be such
that the ratio of maximum to minimum diameters is
less than or equal to 5 for all percent passing values of
60 or less.

Calculate a value for the maximum D10 size by dividing
the maximum D15 size determined in Step 7 by 1.2:

4 8
1 2

4 0
.
.

.= mm

Calculate a value for the maximum D60 by multiplying
the maximum D10 size times 6:

4.0 x 6 = 24 mm

Label the maximum D60 size as Control point 3.

To prevent an overly broad range of particle sizes in
the filter, consider the requirement in step 7 that the
ratio of maximum to minimum diameters be less than
5 for all percent passing values less than 60. The
minimum allowable D60 size is:

24 0
5

4 8
.

.= mm

Label this as Control point 4 in figure 26–5.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26–5.

This table shows that filters must have a D5 greater
than or equal to 0.075 mm, equal to the No. 200 sieve
size. Label this value as Control point 5 in figure 26–5.

Table 26–5 also shows that filters must have a D100 of
less than or equal to 3 inches. Label this value as
Control point 6 in figure 26–5.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.

This table lists maximum D90 sizes for filters for a
range of D10 sizes. Calculate the minimum D10 size by
dividing the minimum D15 size determined in step 7 by
1.2:

1 8
1 2

1 5
.
.

.=

Because the D10 size is between 1.0 and 2.0 mm, the
maximum D90 size is 30 mm (table 26–6). Label this
value as Control point 7 in figure 26–5.

Step 11: Connect Control points 4, 2, and 5 to form a
partial design for the fine limits of the filter band being
designed. Connect Control points 6, 7, 3, and 1 to form
the preliminary coarse limits of the filter band being
designed. Complete the design of the filter band by
extrapolating the coarse and fine curves to the 100
percent finer value. For purposes of writing specifica-
tions, select appropriate sieves and corresponding
percent finer values that best reconstruct the design
band, and tabulate the values.

Refer to figure 26–5 for the final coarse filter band
designed for the condition of no perforated pipe being
used. Note that the filter selected for final design has
coefficient of uniformity values for the fine and coarse
sides of the design bands slightly less than 6. The
Control points 3 and 7 were shifted to the left slightly
to have a smoother band shape. The data used for the
designed filter band is given in table 26–13.
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Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

For the second part of this example, it is assumed that
the gravel filter being designed is for use around
standard perforated drain pipe and is not for a critical
drain. It is also given that rapid gradient reversal or
surging is not predicted.

Standard perforations in drain pipe are 1/4 inch, plus-
or-minus 1/16 inch. The maximum size of perforation
that must be protected is then 5/16 inch, or about
8 mm. If the gravel filter being designed is to be used
surrounding perforated pipe, an additional control
point as defined by step 12 is necessary.

Design steps 1 through 11 are unchanged and not
repeated here. The additional requirement of step 12 is
that the D85 size of the filter may be no smaller than
the perforation size for designs of noncritical drains
where gradient reversal or surging is not predicted.

The additional design step 12 results in an additional
control point labeled Control point 8. This is plotted in
figure 26–5A. This additional control point is a mini-
mum D85 size for the filter being designed and is equal
to 8 mm, the maximum perforation size possible.
Using Control point 8 does not significantly change the
design for the coarse filter band.

Step 12 has different criteria if the coarse filter is
designed for critical structure drains or for a situation
where gradient reversal and surging were predicted
with collector pipes. For this situation the coarse filter
must have a D15 size no less the perforation size, 8 mm
for the example. (For noncritical drains where surging
is not predicted, the requirement is based on D85.) In
other words, this requirement is that the filter must be
relatively coarse to prevent intrusion of the filter into
the perforations in the high stresses present. However,
filtering criteria require the gravel band to be a satis-
factory filter for the sand filter (step 5) as well.

To accomplish this filtration function, the gravel must
have a D15 of less than 4.8 mm. It is obvious then that
one gravel filter cannot be used to satisfy both func-
tions because both the criteria cannot be met. Another

coarser filter that has a D15 greater than 8 mm must be
designed to surround the perforations in the pipe and
at the same time filter the gravel filter just designed.
This is an example of the need for a 3-stage filter that
could arise in critical flow situations.

Additional design considerations: Examine the
limits of the gravel filter band constructed in figure
26–5. Note that the band is somewhat narrow at the
lower percent passing sizes. Some designers have used
an extended coarse filter limit as part of the specifica-
tions of the coarse filter band design to make it easier
to supply the required filters (figure 26–5A).

The extended upper limits for a coarse filter are
acceptable contingent upon the fine filter material
actually used or delivered to a construction site, from
the range of possible fine filters specified in the band
being protected.

A gravel filter with a D15 size larger than the design
filter band is acceptable if the fine sand filter actually
delivered to a site has a d85 size larger than the mini-
mum size possible within the design band of the fine
sand filter. The coarse gravel filter actually used on the
site must have a D15 less than or equal to 4 times the
d85 size of the fine filter actually supplied from within
the design band, based on the criteria in table 26–2 for
Category 4 soils.

An extended coarse filter limit in the design band is
used to provide maximum flexibility in obtaining filter
materials. Where possible, specifications should fit
readily available gradations from concrete aggregate
suppliers to reduce cost of obtaining specially manu-
factured filter materials. However, criteria should not
be relaxed because filter zones are important to the
safe functioning of many structures.

Table 26–13 Data for designed filter band

Sieve size % passing

3 inch 100
1 inch 90–100
1/2 inch 45–100
No. 4 15–60
No. 10 0–15
No. 20 0–10
No. 200 < 5
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Figure 26–5 Gravel filter band design
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Figure 26–5A Gravel filter band design using an extended coarse filter limit
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Given: The most important function of the filter
being designed is to act as a filter.

Step 1: Plot the gradation curve of the base soil
material.

Refer to figure 26–6 for the plotted grain size distribu-
tion curve for this example clay base soil, labeled Base
soil. The plotted curve is from the following data:

Sieve size % passing

No 4 100
No. 200 96
0.02 mm 90
0.005 mm 60
0.002 mm 34

Step 2: Proceed to step 4 if the base soil contains no
gravel (material larger than the No. 4 sieve).

The example 26–6 base soil has 100 percent finer than
the No. 4 sieve, and the grain size distribution curve
does not have to be regraded. Proceed to step 4.

Step 3: Not applicable because the base soil con-
tains no particles larger than the No. 4 sieve

Step 4: Place the base soil in a category determined
by the percent passing the No. 200 (0.075 mm) sieve
from the regraded gradation curve data according to
table 26–1.

The example 26–6 base soil has 96 percent finer than
the No. 200 sieve. The soil is in category 1 (table 26–1).

Step 5: To satisfy filtration requirements, determine
the maximum allowable D15 size for the filter accord-
ing to table 26–2.

This table shows the filtering criteria for base soil
category 1 as: The maximum D15 of the filter will be
less than or equal to 9 times the d85 of the base soil,
but not less than 0.2 mm.

The d85 size of the base soil is 0.016 mm. Then, the
maximum D15 of the filter will be less than or equal to
9 x 0.016 = 0.14 mm, but not less than 0.2 mm. There-
fore, the maximum D15 of the filter is 0.2 mm. This is
labeled Maximum D15 in figure 26–6.

Step 6: If permeability is a requirement (section
633.2602), determine the minimum allowable D15

according to table 26–3. Note: The permeability re-
quirement is determined from the d15 size of the base
soil gradation before regrading.

The permeability criterion for all categories of base
soils is that the filter have a minimum D15 of no less
than 4 times the d15 of the base soil (before any regrad-
ing of the base soil), but not be less than 0.1 mm in any
case.

The example 26–6 base soil does not have a meaning-
ful d15 size. The data shows that the base soil has 34
percent finer than 0.002 mm, the smallest commonly
determined particle size. Therefore, use the default
value of 0.1 mm for the minimum D15 of the filter.
Label this value Minimum D15 in figure 26–6.

Step 7: The allowable filter design band must be
kept relatively narrow to prevent the use of possibly
gap-graded filters. Adjust the maximum and minimum
D15 sizes for the filter band determined in steps 5 and 6
so that the ratio is 5 or less at any given percent pass-
ing of 60 or less. Adjustments may be required based
on the following considerations.

For example 26–6, the ratio of the maximum D15 to the
minimum D15 sizes is:

0 2
0 1

2
.
.

=

Because the value is less than 5, no adjustment is
needed in this step. The sizes selected become the
maximum D15 and minimum D15 sizes for the final
design filter band. These are labeled Control points 1
and 2, respectively, in figure 26–6. Go to step 8.

Example 26–6 Very fine clay base soil—Category 1
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Step 8: The designed filter band must not have an
extremely broad range of particle sizes to prevent the
use of possibly gap-graded filters. Adjust the limits of
the design filter band so that the coarse and fine sides
of the filter band have a coefficient of uniformity of 6
or less. The width of the filter band should be such
that the ratio of maximum to minimum diameters is
less than or equal to 5 for all percent passing values of
60 or less

For example 26–6, calculate a value for maximum D10

by dividing the maximum D15 size of 0.2 mm deter-
mined in step 5 by 1.2:

0 2
1 2

0 17
.
.

.= mm

Calculate a value for the maximum allowable D60 size
by multiplying the maximum D10 size by 6:

6 x 0.17 = 1.02 mm

Label this value as Control point 3 in figure 26–6.

Determine the minimum allowable D60 size for the fine
side of the band by dividing the determined maximum
D60 size by 5:

1 02
5

0 20
.

.= mm

Label this Control point 4 in figure 26–6.

Step 9: Determine the minimum D5 and maximum
D100 sizes of the filter according to table 26–5.

This table shows that filters must have a D5 greater
than or equal to 0.075 mm, equal to the No. 200 sieve
size. Label this value as Control point 5 in figure 26–6.

Table 26–5 also shows that filters must have a D100 of
less than or equal to 3 inches. Label this value as
Control point 6 in figure 26–6.

Step 10: To minimize segregation during construc-
tion, the relationship between the maximum D90 and
the minimum D10 of the filter is important. Calculate a
preliminary minimum D10 size by dividing the mini-
mum D15 size by 1.2. Determine the maximum D90

using table 26–6. Label this as Control point 7.

Calculate the minimum D10 size of the preliminary
filter band as equal to the minimum D15 value of
0.1 mm (obtained in step 6) divided by 1.2:

0 1
1 2

0 083
.
.

.= mm

Table 26–6 lists maximum D90 sizes for filters for a
range of D10 sizes. Because the D10 value is less than
0.5 mm, the maximum D90 size is 20 mm (table 26–6).
Label this value as Control point 7 in figure 26–6.

Step 11: Connect Control points 4, 2, and 5 to form a
partial design for the fine side of the filter band. Con-
nect Control points 6, 7, 3, and 1 to form a partial
design for the coarse side of the filter band. Complete
the design of the filter band by extrapolating the
coarse and fine curves to the 100 percent finer value.
For purposes of writing specifications, select appropri-
ate sieves and corresponding percent finer values that
best reconstruct the design band, and tabulate the
values.

Refer to figure 26–6 for an illustration of the complete
filter design. Note that adjustments have been made in
straight line portions of the design band to intercept
even values for percent passing at standard sieve sizes.
See the selected specified gradation in table 26–14.

Step 12: Design filters adjacent to perforated pipe to
have a D85 size no smaller than the perforation size.
For critical structure drains where rapid gradient
reversal (surging) is probable, it is recommended that
the D15 size of the material surrounding the pipe be no
smaller than the perforation size.

Table 26–14 Design filter band data for example 26–6
soil

Sieve size % passing

1 inch 100
No. 4 80–100
No. 10 70–100
No. 20 60–100
No. 40 40–100
No. 60 25–75
No. 140 0–15
No. 200 0–5
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This step is then not applicable for this example be-
cause the filter will not be used around a perforated
collector pipe. Table 26–14 lists the design filter band
data obtained from the steps of this example.

Additional design considerations: ASTM C–33 fine
concrete aggregate often meets the filter gradation
requirements for many silts and clays. The base soil in
example 26–6, however, is an unusual case in which
the base soil is so fine that a filter finer than C–33 fine
aggregate is required. Several alternatives are sug-
gested for such situations:

• If a base soil having a d85 of 0.05 mm or larger
is available at the site, using this soil in a core
zone or in a transition zone between the core
zone and the filter zone may be more economi-
cal. A more coarse filter could then be de-
signed for the new base soil with the larger d85

size, and it is more likely that the specified
gradation could be met with standard supplier
sources.

• Attempt to locate a standard gradation that
may fit the specified filter band. An example of
such a gradation that might be located is
ASTM D1073, Bituminous Mixture, Gradation
No. 3. ASTM D1073 specifications for selected
gradations are shown in appendix 26B.
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Figure 26–6 Grain size distribution curve for very fine clay base soil
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633.2604 Definitions

Base soil—The soil immediately adjacent to a filter or
drainage zone through which water may pass. This
movement of water may have a potential for moving
particles from the base soil into or through the filter or
drain materials.

d15, d85, and d100 sizes—Particle sizes (mm) corre-
sponding respectively to 15, 85, and 100 percent finer
by dry weight from the gradation curve of the base
soil.

D5, D10, D15, D30, D60, D85, D90, and D100 sizes—
Particle sizes (mm) corresponding to the 5, 10, 15, 30,
60, 85, 90, and 100 percent finer by dry weight from the
gradation curve of the filter.

Gradation curve (grain-size distribution)—Plot of
the distribution of particle sizes in a base soil or mate-
rial used for filters or drains.

Drain—A designed pervious zone, layer, or other
feature used to reduce seepage pressures and carry
water.

Filter—Sand or sand and gravel having a gradation
designed to prevent movement of soil particles from a
base soil by flowing water. Guidance on design using
geotextiles and other nonsoil filter materials is not
included.

Fines—That portion of a soil finer than a No. 200
(0.075 mm) U.S. Standard sieve as explained in
table 26–1.

Soil category—One of four types of base soil material
based on the percentage finer than the No. 200 (0.075
mm) U.S. Standard sieve as explained in table 26–1.
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1. Plot the gradations of base soils for which a filter
is being designed on Form SCS-130 or acceptable
alternative.

2. Determine the finest base soil that will control
filter requirements. Also determine the soil with the
most coarse limits that will control permeability re-
quirements for the filter.

3. If the finest base soil has particles larger than the
No. 4 sieve, regrade the soil on the No. 4 sieve.

4. Determine within which base soil category the
regraded sample falls.

5. Determine the maximum D15 size based on filter
criterion in criteria tables for that base soil category
using the finest soil of the category plotted.

6. Determine the minimum D15 size based on perme-
ability criterion in criteria tables, considering the
coarsest sample plotted.

7. Calculate the ratio of the maximum D15 to the
minimum D15 sizes from steps 5 and 6. If the ratio is
less than or equal to 5, label the points Control points
1 and 2, respectively, on Form SCS-130, and continue
to step 8. If the ratio is greater than 5, determine
whether filtering or drainage is the most important
function of the filter being designed. If filtering is most
important, go to step 7A. If permeability is the most
important consideration, go to step 7B.

7A. Filtering controls—Label the minimum D15 size as
control point 2. Multiply minimum D15 by 5. This is the
maximum D15 size; plot on Form 130 and label as
control point 1. Go to Step 8.

7B. Permeability controls design—Label the maxi-
mum D15 size as Control point 1. Divide the maximum
D15 size by 5. This is the minimum D15 size; plot on
Form 130 and label as Control point 2. Go to Step 8.

8. Calculate a value for the maximum D10 size by
dividing the maximum D15 size (Control point 1)
determined in step 7 by 1.2. (This factor of 1.2 is based
on the assumption that the slope of the line connecting
D15 and D10 should be on a coefficient of uniformity of
about 6.) Calculate a value for maximum D60 by multi-
plying the maximum D10 size by 6. Label this as Con-
trol point 3.

Determine the minimum allowable D60 size for the fine
side of the band by dividing the determined maximum
D60 size by 5. Label this Control point 4.

9. Plot the minimum D5 (for all filters) as equal to
0.075 mm (the No. 200 sieve). Label as Control point 5
on Form 130. Plot the maximum D100 (for all filters) as
equal to 3 inches. Label as Control point 6 on Form
130.

10. Calculate a value for the minimum D10 size by
dividing the minimum D15 size (Control point 2) deter-
mined in step 7 by 1.2. (This factor of 1.2 is based on
the assumption that the slope of the line connecting
D15 and D10 should be on a coefficient of uniformity of
about 6.)

Based on the determined value of minimum D10 size,
obtain from table 26–6 the maximum allowable D90

size for the filter. Plot this value on Form 130 and label
it as Control point 7.

11. Connect Control points 6, 7, 3, and 1 to form the
coarse side of the initial filter design band. Connect
Control points 4, 2, and 5 to form the fine side of the
initial filter design band. Extrapolate the previously
drawn lines to complete the preliminary fine and
coarse limits of the preliminary filter band to 0 and 100
percent passing values. Adjust these limits to intercept
relatively even values of percent passing at standard
sieve sizes to simplify specifications (generally
rounded at the nearest 5 on the percent passing scale)
staying within the preliminary band. In most cases
avoid sharp breaks in the design envelopes that might
allow too broadly graded filter materials to be used in
this final design step. If necessary to meet available
gradations, adjust Control points 3 and 4 to the left,
maintaining the ratio of diameters at 5, then draw
other preliminary fine and coarse limits.

12. Design filters surrounding perforated pipe with an
additional control point, determined as the minimum
D85 size of the filter according to criteria tables. Label
this value as Control point 8, and re-examine the
design obtained in step 11.

A summary of the important criteria associated with
the filter design process follows.

Appendix 26A Steps in Filter Design

26A–1
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Base Soil Categories Summary

Base soil category % finer than Base soil description
No. 200 sieve
(0.075 mm)
(After regrading,
where applicable)

1 > 85 Fine silt, clays
2 40-85 Sands, silts,

clays, silty and
clayey sands

3 15-39 Silty and clayey
sands, gravel

4 < 15 Sands, gravel

Filtering Criteria—Maximum D15

Base soil Filtering criteria
category

1 ≤ 9 x d85, but not less than 0.2 mm

2 ≤ 0.7 mm

3 ≤ −
−







×( ) −[ ] +40
40 15

4 0 7 0 785
A

d mm mm. .

A = % passing No. 200 sieve after  regrading
( If 4 x d85 is less than 0.7 mm, use 0.7 mm)

4 ≤ 4 x d85 of base soil after regrading

Other Filter Design Criteria

To Prevent Gap-graded Filters

The width of the designed filter band should be such
that the ratio of the maximum diameter to the mini-
mum diameter, at any given percent passing value less
than or equal to 60 percent, is less than or equal to  5.
Both sides of the design filter band will have a coeffi-
cient of uniformity, defined as

CU
D
D

= ≤60

10
6

Initial design filter bands by these steps have CU value
of 6. For final design, filter bands may be adjusted so
that CU values less than 6 result. This is acceptable as
long as other filter and permeability criteria are satisfied.

Permeability Criteria

Base soil category Minimum D15

All categories ≥ 4 x d15 of the base soil before

regrading, but not less than 0.1 mm

Maximum and Minimum Particle
Size Criteria

Base soil category Maximum D100 Minimum D5 (mm)

All categories < 3 inches 0.075 mm
(75 mm) (No. 200  sieve)

(The minus No. 40 (.425 mm) material for all filters
must be nonplastic as determined according to ASTM
D4318.)

Segregation Criteria

Base soil category If D10 is: Then maximum D90 is:
(mm) (mm)

All categories < 0.5 20
0.5–1.0 25
1.0–2.0 30
2.0–5.0 40
5.0–10 50
> 10 60

Criteria for Filters Used Adjacent
to Perforated Collector Pipe

For noncritical drains where surging or gradient
reversal is not anticipated, the filter D85 must be
greater than or equal to the perforation size.

For critical drains, or where surging or gradient rever-
sal is anticipated, the filter D15 must be greater than or
equal to the perforation size.

26A–2
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Standard gradations for aggregates used in production
of concrete are established by the American Society
for Testing and Materials (ASTM). These aggregates
are also commonly used for filter and drain zones in
embankments, retaining walls, and other applications.
Selected representative standard aggregates are listed
in following tables for reference.

ASTM C-33—Standard Specification for Concrete
Aggregates, lists standard gradations for both fine and
coarse aggregates.

ASTM D-448—Standard Classification for Sizes of
Aggregate for Road and Bridge Construction, lists
standard gradations for only coarse aggregates.

ASTM D-1073—Lists standard gradations for Bitumi-
nous Mixtures.

In the interest of brevity, only selected representative
standard gradations from the C–33 and D–1073 stan-
dards are listed in table 26B–1. A few gradations that
may be useful are listed in D–448 and not in C– 33, but
many of the gradations listed in the two standards are
identical. Both of these ASTM standards are in Volume
04.02, Concrete and Aggregates.

Figure 26B–1 has plotted gradation bands for selected
aggregates from the table.

Note: ASTM standards are periodically reviewed and
updated, so use the latest version of the Standards for
writing specifications. Refer to the latest ASTM stan-
dards volume to ensure that the gradations have not
changed from those listed in table 26B–1 or to deter-
mine other standard gradations not listed. This table
only lists selected representative gradations.

Appendix 26B Standard ASTM Aggregate
Specifications

Table 26B–1 Selected standard aggregate gradations

Fine aggregate—ASTM C–33

ASTM - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Percent finer than sieve no. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
size #200 #100 #50 #30 #16 #8 #4 3/8"

Fine 3-5* 2–10 10–30 25–60 50–85 80–100 95–100 100

Coarse aggregates—ASTM C–33

ASTM - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Percent finer than sieve no. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
size #16 #8 #4 3/8" 1/2" 3/4" 1" 1-1/2" 2" 3"

357 — — 0–5 — 10–30 — 35–70 — 95–100 100
56 — — 0–5 0–15 10–40 40–85 90–100 100
57 — 0–5 0–10 — 25–60 — 95–100 100
67 — 0–5 0–10 20–55 — 90–100 100
7 — 0-5  0-15 40-70 90-100 100
8 0–5 0–10 10–30 85–100 100

See the footnote at the end of the table.

26B–1
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Table 26B–1 Selected standard aggregate gradations—Continued

Bituminous mixtures—ASTM D–1073

ASTM - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Percent finer than sieve no. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
mix #200 #100 #50 #30 #16 #8 #4 3/8"

2 0–5 0–12 8–30 28–52 50–74 75–100 100
3 0–5 5–25 30–60 65–90 85–100 95–100 100
4 0–10 2–20 7–40 20–65 40–80 65–100 80-100 100

* For concrete aggregate, the permissible percentage finer than the No. 200 sieve is 3 to 5 percent, depending on the abrasion resistance
desired for the manufactured concrete. In the case of manufactured sand, if the material finer than the No. 200 sieve consists of the dust of
fracture, essentially free of clay or shale, these limits may be increased to 5 and 7 percent respectively. For drain and filter applications, the
percentage finer than the No. 200 sieve is specified according to SM Note 1 as less than or equal to 5 percent, and an additional requirement is
that the fines (minus No. 40 sieve) are nonplastic.

26B–2
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Figure 26B–1 Standard aggregate gradations
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5C - 1

Water Balance Analysis

The water balance analysis helps determine if a drainage area is large enough to support a permanent pool
during normal conditions. The maximumdraw down due to evaporation and infiltration is checked against
the anticipated inflows during that same period. The anticipated drawdown during an extended period of
no appreciable rainfall is checked as well.  This will also help establish a planting zone for vegetation which
can tolerate the dry conditions of a periodic draw down of the permanent pool.

The water balance is defined as the change in volume of the permenant pool resulting from the potential
total inflow less the potential total outflow. 

change volume = inflows  outflows

where: inflows = runoff, baseflow, and rainfall.
outflows = infiltration, surface overflow, evaporation, and evapotranspiration.

This procedure willassume no inflowfrombaseflow, and because only the permanent poolvolume is being
evaluated, no losses for surface overflows. In addition, infiltration should be addressed by a geotechnical
report.  A clay liner should be specified if the analysis of the existing soils indicates excessive infiltration.
In many cases, the permeability of clayey soils will be reduced to minimal levels due to the clogging of the
soil pores by the fines whicheventually settle out of the water column.  This may be considered in the water
balance equation by assuming the permeability of a clay liner: 1 x 10-6  cm/s (3.94 x 10-7 in/sec.) per
specifications.  Therefore, the change in storage = runoff  evaporation  infiltration.

Example

Given:

Drainage Area: 85 ac. (Average 65% impervious cover)
SCS   RCN: 72
Precipitation P (2-year storm): 3.1 inches
Runoff, Q: 1.1 inches
Permanent Pool Volume: 0.65 x 85 ac. = 55 ac. impervious cover

WQ volume = (0.5in.) (55 ac.) (12in./ft.) = 2.29 ac.ft.
Retention Basin II (4 x WQ vol.) = 4 x 2.29 = 9.16 ac.ft.

Permanent Pool Surface area: 2.4 ac.
Infiltration (clay liner per specs.): 1 x 10-6  cm/s (3.94 x 10-7 in/sec.)
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Find:

a) Draw down during highest period of evaporation.
b) Draw down during extended period of no appreciable rainfall.

Solution:

a) Draw down during highest period of evaporation:  July

Inflow = Monthly Runoff = P x E

Where P = precipitation
E = efficiency of runoff (assumed to be ratio of SCS runoff depth to

rainfall depth for 2 year storm)

= 1.1 in./ 3.1" = 0.35

April May June July Aug. Sept.
Precip. (in) 2.96 3.84 3.62 5.03 4.40 3.34
Evap.  (in) 2.28 3.89 5.31 6.23 5.64 3.92

(From Table 5C-1 and 5C-2)

Inflow: Runoff  = 5.03 in. × 0.35 =  1.76 in. =  1.76 in. × 85 ac. 12 in./ft. = 12.5 ac.ft.

Outflow: Evaporation =  2.4 ac. × 6.23 in. 12 in./ft. = 1.24 ac.ft.

Infiltration (w/ liner)= 2.4 ac. × (3.94 × 10 7 in./sec.) (3600 sec./hr.) (24 hr./day) (31

days)  (12 in./ft.) = 0.21 ac. ft.

Water balance (w/ liner) = (inflow)  (outflow) = (12.5 ac.ft.)  (1.24 + 0.21) ac.ft. =
+ 11.05 ac.ft.

Infiltration (w/o liner); assume infiltration rate of .02 in./hr. (clay/silty clay) = 

2.4 ac. × .02 in./hr. × (24 hr./day) (31 days)  12in./ft. = 2.97 ac.ft.

Water balance (w/o liner) = (12.5 ac.ft.)  (2.97 + 0.21) ac.ft. = + 9.32 ac.ft.
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b) Drawdown during period of no appreciable rainfall. Assume 45 dayperiod during July and August
with no rainfall.

Inflow: runoff  = 0"

Outflow: Evaporation = Avg. evaporation (July-Aug.)  = 6.23 in. + 5.64 in.  2  = 5.93 in.

Avg. daily evaporation = 5.93 in.  31 days = 0.191 in./day
Evaporation for 45 days = 45 days × 0.191 in./day = 8.61 in.

Total evaporation = 2.4 ac. × 8.61 in.  12 in./ft. = 1.7 ac.ft.

Infiltration (w/ liner): 2.4 ac. × (3.94 x 10-7 in./sec.) (3600 sec./hr.) (24 hr./day) (45

days) 12 in./ft. = 0.30 ac.ft.

Water balance ( w/ liner): ( 0 )  (1.7 + 0.30) ac.ft. = 2.0 ac.ft.

Specify drawdown  tolerant plants in areas corresponding to a depth of 2.0 ac.ft. (use stage storage
curve).

Infiltration (w/o liner): 2.4 ac.× (.02 in./hr.) (24 hr./day) (45 day)  12 in./ft. 
= 4.32 ac.ft.

Water balance ( w/o liner): ( 0 )  (1.7 + 4.32) ac.ft. =  6.02 ac.ft.

This basin (without a liner) willexperience a significant draw down during drought conditions.  Over time,
the rate of infiltrationmaydecrease due to the clogging of the soil pores.  However, the aquatic and wetland
plants may not survive the potential drought conditions and subsequent draw down during the first few
years, and eventually give way to invasive species.

Note: A permanent pool volume of 9.16 ac.ft. = 1.29 watershed inches.  A rainfall event yielding 1.29"
or more of runoff will fill the pool volume.
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Table 5C-1
Monthly Precipitation Normals (Inches)

Station April May June July August Sept.

Charlottesville 3.34 4.88 3.74 4.75 4.71 4.10

Danville 3.24 3.85 3.65 4.42 3.80 3.39

Farmville 3.03 4.05 3.41 4.34 3.99 3.18

Fredericksburg 3.05 3.85 3.35 3.65 3.61 3.49

Hot Springs 3.43 4.15 3.36 4.49 3.70 3.39

Lynchburg 3.09 3.91 3.45 4.16 3.59 3.24

Norfolk 3.06 3.81 3.82 5.06 4.81 3.90

Page County 3.84 4.77 4.41 4.50 4.34 4.81

Pennington Gap 4.25 4.83 4.09 4.77 3.76 3.67

Richmond 2.98 3.84 3.62 5.03 4.40 3.34

Roanoke 3.25 3.98 3.19 3.91 4.15 3.50

Staunton 2.82 3.60 2.95 3.49 3.67 3.46

Wash. National
Airport

2.31 3.66 3.38 3.80 3.91 3.31

Williamsburg 3.01 4.52 4.03 4.96 4.72 4.25

Winchester 3.08 3.74 3.87 3.89 3.46 3.11

Wytheville 3.09 3.95 3.03 4.20 3.44 3.09
Source:  Department of Environmental Services, Virginia State Climatology Office, Charlottesville, Virginia
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Table 5C-2
Potential Evapotranspiration (Inches) *

Station April May June July August Sept.

Charlottesville 2.24 3.84 5.16 6.04 5.45 3.87

Danville 2.35 3.96 5.31 6.23 5.69 3.91

Farmville 2.34 3.81 5.13 6.00 5.41 3.71

Fredericksburg 2.11 3.80 5.23 6.11 5.46 3.83

Hot Springs 1.94 3.41 4.50 5.14 4.69 3.33

Lynchburg 2.21 3.72 4.99 5.85 5.31 3.70

Norfolk 2.20 3.80 5.37 6.34 5.79 4.14

Page County 1.68 3.06 4.09 4.71 4.26 3.05

Pennington Gap 2.14 3.59 4.72 5.45 4.97 3.60

Richmond 2.28 3.89 5.31 6.23 5.64 3.92

Roanoke 2.20 3.75 4.99 5.85 5.30 3.67

Staunton 2.00 3.52 4.77 5.52 4.95 3.47

Wash. National
Airport

2.13 3.87 5.50 6.51 5.84 4.06

Williamsburg 2.27 3.86 5.23 6.14 5.61 3.97

Winchester 2.07 3.68 4.99 5.82 5.26 3.67

Wytheville 2.01 3.43 4.46 5.17 4.71 3.39
Source:Department of Environmental Services, Virginia State Climatology Office, Charlottesville, Virginia

* Calculated using the Thornthwaite method
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Stage-Storage Worksheet 

  PROJECT:         SHEET   OF

  COUNTY:   COMPUTED BY:    DATE:

  DESCRIPTION:

  ATTACH COPY OF TOPO:   SCALE -  1" = ft.

1 2 3 4 5 6 7 8

ELEV. AREA
(in2)

AREA
(ft2)

AVG.
AREA

(ft2)
INTERVAL VOL.

(ft3)
TOTAL VOLUME

(ft3) (ac.ft.)
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Storage Indication Hydrograph Routing Worksheet
2S/ȹt + O Vs. O 

1 2 3 4 5 6 7

elevation
(ft)

stage
(ft)

outflow
(cfs)

storage
(cf)

2S
(cf)

2S/ȹt
(cfs)

2S/ȹt + O
(cfs)

from  plan elevn - elevo

based on
outflow device

&  stage

based on
stage 2 × Col 4 Col 5 /ȹt of

hydrograph Col 3 + Col 6
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Storage Indication Hydrograph Routing Worksheet

1 2 3 4 5 6 7

n Time
(min)

In
(cfs)

In + In+1
(cfs)

2Sn /ȹt - On
(cfs)

2Sn+1 /ȹt + On+1
(cfs)

On+1
(cfs)

from
hydrograph Col 3n + Col 3n+1 Col 6n - 2(Col 7n) Col 4n-1 + Col 5n-1

from chart;
use Col 6n
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STEP 1 Determine the applicable area (A) and the post-developed impervious cover
(Ipost).

Applicable area (A)*  =  acres

Post-development impervious cover: 

structures   = acres

parking lot  = acres

roadway     = acres
other:

= acres

= acres

Total          = acres

Ipost = (total post-development impervious cover ÷ A) × 100 =               % 

* The area subject to the criteria may vary from locality to locality.  Therefore,
consult the locality for proper determination of this value.

STEP 2 Determine the average land cover condition (Iwatershed) or the existing
impervious cover (Iexisting).

Average land cover condition (Iwatershed):
If the locality has determined land cover conditions for individual watersheds within its
jurisdiction, use the watershed specific value determined by the locality as Iwatershed.

Iwatershed  =               % 

Otherwise, use the Chesapeake Bay default value:

Iwatershed  = 16%
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Existing impervious cover (Iexisting):

Determine the existing impervious cover of the development site if present.

Existing impervious cover: 

structures   = acres

parking lot  = acres

roadway     = acres
other:

= acres

= acres

Total          = acres

Iexisting = (total existing impervious cover ÷ A*) × 100 =               %

* The area should be the same as used in STEP 1.

STEP 3 Determine the appropriate development situation.

The site information determined in STEP 1 and STEP 2 provide enough information to
determine the appropriate development situation under which the performance criteria will
apply.  Check ( ) the appropriate development situation as follows:

Situation 1: This consists of land development where the existing  percent impervious
cover (Iexisting) is less than or equal to the average land cover condition
(Iwatershed) and the proposed improvements will create a total percent
impervious cover (Ipost) which is less than or equal to the average land
cover condition (Iwatershed).

Ipost               % Iwatershed               %
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  Situation 2: This consists of land development where the existing  percent impervious
cover (Iexisting) is less than or equal to the average land cover condition
(Iwatershed) and the proposed improvements will create a total percent
impervious cover (Ipost) which is greater than the average land cover
condition (Iwatershed).

Iexisting              % Iwatershed              %; and

Ipost                 % > Iwatershed               %

  Situation 3: This consists of land development where the existing percent impervious
cover (Iexisting) is greater than the average land cover condition (Iwatershed).

Iexisting              % > Iwatershed              %

Situation 4: This consists of land development where the existing percent impervious
cover (Iexisting) is served by an existing stormwater management BMP(s)
that addresses water quality.

If the proposed development meets the criteria for development Situation 1, than the low
density development is considered to be the BMP and no pollutant removal is required. 
The calculation procedure for Situation 1 stops here.  If the proposed development meets
the criteria for development Situations 2, 3, or 4, then proceed to STEP 4 on the
appropriate worksheet. 
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Summary of Situation 2 criteria: from calculation procedure STEP 1 thru STEP 3, Worksheet 1:

Applicable area (A)*  =  acres

Ipost  = (total post-development impervious cover ÷ A) × 100 =                %

Iwatershed  =               % or  Iwatershed  = 16%

Iexisting = (total existing impervious cover ÷ A*) × 100 =                %

Iexisting                % Iwatershed                %; and

Ipost                % > Iwatershed                %

STEP 4 Determine the relative pre-development pollutant load (Lpre).

Lpre(watershed) = [0.05 + (0.009 × Iwatershed)] × A × 2.28    (Equation 5-16)

where: Lpre(watershed)  = relative pre-development total phosphorous load (pounds per year)
Iwatershed       = average land cover condition for specific watershed or locality or

the Chesapeake Bay default value of 16% (percent expressed in
whole numbers)

A   = applicable area (acres)

Lpre(watershed) = [0.05 + (0.009 × )] ×  × 2.28

      =   pounds per year
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STEP 5 Determine the relative post-development pollutant load (Lpost).

Lpost  =  [0.05 + (0.009 × Ipost)] × A × 2.28    (Equation 5-21)

where:           Lpost   = relative post-development total phosphorous load (pounds per
year)

           Ipost   = post-development percent impervious cover (percent expressed in
whole numbers)

  A   = applicable area (acres)

Lpost  =  [0.05 + (0.009 × )] ×  × 2.28

         =   pounds per year

STEP 6 Determine the relative pollutant removal requirement (RR).

RR  = Lpost  Lpre(watershed)

RR  =                

        =  pounds per year

STEP 7 Identify best management practice (BMP) for the site.

1.  Determine the required pollutant removal efficiency for the site:

EFF  =  ( RR ÷ Lpost ) × 100 (Equation 5-22)

where:           EFF   = required pollutant removal efficiency (percent expressed in whole
numbers)

RR   = pollutant removal requirement (pounds per year)
          Lpost   = relative post-development total phosphorous load (pounds per

year)

EFF  =  (   ÷  ) × 100

         =                      %
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2.  Select BMP(s) from Table 5-15 and locate on the site:

BMP 1:

BMP 2:

BMP 3:

3.  Determine the pollutant load entering the proposed BMP(s):

LBMP  =  [0.05 + (0.009 × IBMP)] × A × 2.28 (Equation 5-23)

where:          LBMP  = relative post-development total phosphorous load entering
proposed BMP (pounds per year)

          IBMP   = post-development percent impervious cover of BMP drainage area
(percent expressed in whole numbers)

          A  = drainage area of proposed BMP (acres)

LBMP1  =  [0.05 + (0.009 × )] ×  × 2.28

           =  pounds per year

LBMP2  =  [0.05 + (0.009 × )] ×  × 2.28

           =  pounds per year

LBMP3  =  [0.05 + (0.009 × )] ×  × 2.28

           =  pounds per year
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4.  Calculate the pollutant load removed by the proposed BMP(s):

Lremoved  =   EffBMP  ×  LBMP (Equation 5-24)

where:        Lremoved  = Post-development pollutant load removed by proposed BMP
(pounds per year)

        EffBMP = pollutant removal efficiency of BMP (expressed in decimal form) 
          LBMP  = relative post-development total phosphorous load entering

proposed BMP (pounds per year)

Lremoved/BMP1  =   ×   =  pounds per year

Lremoved/BMP2  =   ×   =  pounds per year

Lremoved/BMP3  =   ×   =  pounds per year

5.  Calculate the total pollutant load removed by the BMP(s):

Lremoved/total   =   Lremoved/BMP1 + Lremoved/BMP2 + Lremoved/BMP3 + . . . (Equation 5-25)

where:   Lremoved/total   = total pollutant load removed by proposed BMPs
  Lremoved/BMP1 = pollutant load removed by proposed BMP No. 1
  Lremoved/BMP2 = pollutant load removed by proposed BMP No. 2
  Lremoved/BMP3 = pollutant load removed by proposed BMP No. 3

Lremoved/total  =  +  +  + . . .

      =  pounds per year

6.  Verify compliance:

Lremoved/total RR
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Summary of Situation 3 criteria: from calculation procedure STEP 1 thru STEP 3, Worksheet 1:

Applicable area (A)*  =  acres

Ipost  = (total post-development impervious cover ÷ A) × 100 =                %

Iwatershed  =               % or  Iwatershed  = 16%

Iexisting = (total existing impervious cover ÷ A*) × 100 =                %

Iexisting                %  > Iwatershed                %

STEP 4 Determine the relative pre-development pollutant load (Lpre).

1.  Pre-development pollutant load based on the existing impervious cover:

Lpre(existing) = [0.05 + (0.009 × Iexisting)] × A × 2.28 (Equation 5-17)

where:  Lpre(existing)   = relative pre-development total phosphorous load (pounds per year)
      Iexisting   = existing site impervious cover (percent expressed in whole

numbers)
A   = applicable area (acres)

Lpre(existing) = [0.05 + (0.009 × )] ×  × 2.28

    =  pounds per year
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2.  Pre-development pollutant load based on the average land cover condition:

Lpre(watershed) = [0.05 + (0.009 × Iwatershed)] × A × 2.28    (Equation 5-16)

where: Lpre(watershed)   = relative pre-development total phosphorous load (pounds per year)
     Iwatershed   = average land cover condition for specific watershed or locality or

the Chesapeake Bay default value of 16% (percent expressed in
whole numbers)

 A   = applicable area (acres)

Lpre(watershed) = [0.05 + (0.009 × )] ×  × 2.28

      =   pounds per year

STEP 5 Determine the relative post-development pollutant load (Lpost).

Lpost  =  [0.05 + (0.009 × Ipost)] × A × 2.28    (Equation 5-21)

where:           Lpost   = relative post-development total phosphorous load (pounds per
year)

           Ipost   = post-development percent impervious cover (percent expressed in
whole numbers)

  A   = applicable area (acres)

Lpost  =  [0.05 + (0.009 × )] ×  × 2.28

         =   pounds per year

STEP 6 Determine the relative pollutant removal requirement (RR).

RR  = Lpost  (0.9 × Lpre(existing))

        = (0.9 × )  =  pounds per year
or

RR  = Lpost  Lpre(watershed)

        =   =  pounds per year
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The pollutant removal requirement (RR) for Situation 3 is the lesser of the two values calculated
above:

RR  =  pounds per year

STEP 7 Identify best management practice (BMP) for the site.

1.  Determine the required pollutant removal efficiency for the site:

EFF  =  ( RR ÷ Lpost ) × 100 (Equation 5-22)

where:           EFF   = required pollutant removal efficiency (percent expressed in whole
numbers)

RR   = pollutant removal requirement (pounds per year)
          Lpost   = relative post-development total phosphorous load (pounds per

year)

EFF  =  (   ÷  ) × 100

         =                      %

2.  Select BMP(s) from Table 5-15 and locate on the site:

BMP 1:

BMP 2:

BMP 3:
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3.  Determine the pollutant load entering the proposed BMP(s):

LBMP  =  [0.05 + (0.009 × IBMP)] × A × 2.28 (Equation 5-23)

where:          LBMP  = relative post-development total phosphorous load entering
proposed BMP (pounds per year)

          IBMP   = post-development percent impervious cover of BMP drainage area
(percent expressed in whole numbers)

          A  = drainage area of proposed BMP (acres)

LBMP1  =  [0.05 + (0.009 × )] ×  × 2.28

          =  pounds per year

LBMP2  =  [0.05 + (0.009 × )] ×  × 2.28

          =  pounds per year

LBMP3  =  [0.05 + (0.009 × )] ×  × 2.28

          =  pounds per year

4.  Calculate the pollutant load removed by the proposed BMP(s):

Lremoved  =   EffBMP  ×  LBMP (Equation 5-24)

where:        Lremoved  = Post-development pollutant load removed by proposed BMP
(pounds per year)

        EffBMP = pollutant removal efficiency of BMP (expressed in decimal form) 
          LBMP  = relative post-development total phosphorous load entering

proposed BMP (pounds per year)

Lremoved/BMP1  =   ×   =  pounds per year

Lremoved/BMP2  =   ×   =  pounds per year

Lremoved/BMP3  =   ×   =  pounds per year
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5.  Calculate the total pollutant load removed by the BMP(s):

Lremoved/total   =   Lremoved/BMP1 + Lremoved/BMP2 + Lremoved/BMP3 + . . . (Equation 5-25)

where:    Lremoved/total  = total pollutant load removed by proposed BMPs
  Lremoved/BMP1 = pollutant load removed by proposed BMP No. 1
  Lremoved/BMP2 = pollutant load removed by proposed BMP No. 2
  Lremoved/BMP3 = pollutant load removed by proposed BMP No. 3

Lremoved/total  =  +  +  + . . .

      =  pounds per year

6.  Verify compliance:

Lremoved/total RR
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Summary of Situation 3 criteria: from calculation procedure STEP 1 thru STEP 3, Worksheet 1:

Applicable area (A)  =  acres

Ipost  = (total post-development impervious cover ÷ A) × 100 =                %

Iwatershed  =               % or  Iwatershed  = 16%

Iexisting = (total existing impervious cover ÷ A*) × 100 =                %

Iexisting                %  > Iwatershed                %

Summary of existing BMP:

Existing BMP drainage area (AexistBMP) =  acres

Ipre(BMP)  = (total pre-development impervious cover ÷ AexistBMP) × 100 =                %

EFFexistBMP  = documented pollutant removal efficiency of existing BMP (expressed in
decimal form)

STEP 4 Determine the relative pre-development pollutant load (Lpre).

1.  Calculate pre-development pollutant load based on the existing impervious cover:

Lpre(existing) = [0.05 + (0.009 × Iexisting)] × A × 2.28 (Equation 5-17)

where:  Lpre(existing)   = relative pre-development total phosphorous load (pounds per year)
      Iexisting   = existing site impervious cover (percent expressed in whole

numbers)
A   = applicable area (acres)

Lpre(existing) = [0.05 + (0.009 × )] ×  × 2.28

    =  pounds per year



PERFORMANCE-BASED WATER QUALITY CALCULATIONS        APPENDIX 5D

5D-20

Worksheet 4 : Situation 4 
Page 2 of 6

2.  Calculate pre-development pollutant load to existing BMP:

Lpre(BMP) = [0.05 + (0.009 × Ipre(BMP))] × AexistBMP × 2.28 (Equation 5-18)

where:   Lpre(BMP)  = relative pre-development total phosphorous load to existing BMP
(pounds per year)

   Ipre(BMP)  = existing impervious cover to existing BMP (percent expressed in
whole numbers)

  AexistBMP  = drainage area of existing BMP (acres)

Lpre(BMP) = [0.05 + (0.009 × )] ×  × 2.28

 =  pounds per year

3.  Calculate pre-development pollutant load removed by existing BMP:

Lremoved(existingBMP) = Lpre(BMP) × EFFexistBMP (Equation 5-19)

where:  Lremoved(existingBMP)  = relative pre-development total phosphorous load removed by
existing BMP (pounds per year)

 Lpre(BMP)  = relative pre-development total phosphorous load entering existing
BMP, Equation 5-18 (pounds per year)

         EFFexistBMP  = documented pollutant removal efficiency of existing BMP
(expressed in decimal form)

Lremoved(existingBMP)  =   ×

    =  pounds per year

Steps 2 and 3 are repeated for each existing BMP on the site.
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4.  Calculate the pre-development pollutant load while being served by existing BMP(S):

Lpre(existingBMP) =  Lpre(existing)  ( Lremoved(existingBMP1) + Lremoved(existingBMP2) + Lremoved(existingBMP3) )
Equation 5-20

where:         Lpre(existingBMP)  = relative pre-development total phosphorous load while being
served by an existing BMP (pounds per year)

             Lpre(existing)  = relative pre-development total phosphorous load based on existing
site conditions, Equation 5-17 (pounds per year)

           EFFexistBMP  = documented pollutant removal efficiency of existing BMP
(expressed in decimal form)

    Lremoved(existingBMP) = relative pre-development total phosphorous load removed by
existing BMP, Equation 5-19 (pounds per year)

Lpre(existingBMP) =  (  +  +  )

         =  pounds per year

STEP 5 Determine the relative post-development pollutant load (Lpost).

Lpost  =  [0.05 + (0.009 × Ipost)] × A × 2.28    (Equation 5-21)

where:           Lpost   = relative post-development total phosphorous load (pounds per
year)

           Ipost   = post-development percent impervious cover (percent expressed in
whole numbers)

  A   = applicable area (acres)

Lpost  =  [0.05 + (0.009 × )] ×  × 2.28

         =   pounds per year

STEP 6 Determine the relative pollutant removal requirement (RR).

RR  = Lpost  Lpre(existingBMP)

        =

RR =  pounds per year
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2.  Pre-development pollutant load based on the average land cover condition:

Lpre(watershed) = [0.05 + (0.009 × Iwatershed)] × A × 2.28    (Equation 5-16)

where: Lpre(watershed)   = relative pre-development total phosphorous load (pounds per year)
     Iwatershed   = average land cover condition for specific watershed or locality or

the Chesapeake Bay default value of 16% (percent expressed in
whole numbers)

 A   = applicable area (acres)

Lpre(watershed) = [0.05 + (0.009 × )] ×  × 2.28

      =   pounds per year

STEP 7 Identify best management practice (BMP) for the site.

1.  Determine the required pollutant removal efficiency for the site:

EFF  =  ( RR ÷ Lpost ) × 100 (Equation 5-22)

where:           EFF   = required pollutant removal efficiency (percent expressed in whole
numbers)

RR   = pollutant removal requirement (pounds per year)
          Lpost   = relative post-development total phosphorous load (pounds per

year)

EFF  =  (   ÷  ) × 100

         =                      %

2.  Select BMP(s) from Table 5-15 and locate on the site:

BMP 1:

BMP 2:

BMP 3:
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3.  Determine the pollutant load entering the proposed BMP(s):

LBMP  =  [0.05 + (0.009 × IBMP)] × A × 2.28 (Equation 5-23)

where:          LBMP  = relative post-development total phosphorous load entering
proposed BMP (pounds per year)

          IBMP   = post-development percent impervious cover of BMP drainage area
(percent expressed in whole numbers)

          A  = drainage area of proposed BMP (acres)

LBMP1  =  [0.05 + (0.009 × )] ×  × 2.28

          =  pounds per year

LBMP2  =  [0.05 + (0.009 × )] ×  × 2.28

          =  pounds per year

LBMP3  =  [0.05 + (0.009 × )] ×  × 2.28

          =  pounds per year

4.  Calculate the pollutant load removed by the proposed BMP(s):

Lremoved  =   EffBMP  ×  LBMP (Equation 5-24)

where:        Lremoved  = Post-development pollutant load removed by proposed BMP
(pounds per year)

        EffBMP = pollutant removal efficiency of BMP (expressed in decimal form) 
          LBMP  = relative post-development total phosphorous load entering

proposed BMP (pounds per year)

Lremoved/BMP1  =   ×   =  pounds per year

Lremoved/BMP2  =   ×   =  pounds per year

Lremoved/BMP3  =   ×   =  pounds per year
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5.  Calculate the total pollutant load removed by the existing and proposed BMP(s):

Lremoved/total   =   Lremoved/BMP1 + Lremoved/BMP2 + Lremoved/BMP3 +

        +   Lremoved(existingBMP1) + Lremoved(existingBMP2) + Lremoved(existingBMP3) (Equation 5-25)

where:    Lremoved/total  = total pollutant load removed by proposed BMPs
  Lremoved/BMP1 =  pollutant load removed by proposed BMP No. 1, Equation 5-24
  Lremoved/BMP2 =  pollutant load removed by proposed BMP No. 2, Equation 5-24
  Lremoved/BMP3 =  pollutant load removed by proposed BMP No. 3, Equation 5-24

      Lremoved(existingBMP)  =  pollutant load removed by existing BMP No. 1, Equation 5-19
      Lremoved(existingBMP)  =  pollutant load removed by existing BMP No. 2, Equation 5-19
      Lremoved(existingBMP)  =  pollutant load removed by existing BMP No. 3, Equation 5-19

Lremoved/total  =  +  +  + . . .

      =  pounds per year

6.  Verify compliance:

Lremoved/total RR


